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ABSTRACT
Chapter 1
Pseudomonas sp. strain PG2982 has the ability to use the
phosphonate herbicide, glyphosate, as a sole phosphorus source.
Glyphosate uptake occurs at a maximum in the late log phase of growth
and is induced by phosphate starvation. Uptake is inhibited by
phosphate and arsenate, but not by the amino acids glycine and
sarcosine. The K and V for glyphosate uptake were calculated to m max °  v
be 23uM and 0.97nmoles/mg dry wt/min, respectively. A phosphate 
transport system with a broad substrate specificity seems to be 
responsible for glyphosate uptake.
Chapter 2
Pseudomonas sp. strain PG2982 is highly resistant to the 
herbicide glyphosate, a ‘ potent inhibitor of the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase(EPSPS). In addition, 
PG2982 is able to utilize glyphosate as a sole source of phosphorus. 
A plasmid carrying a 2.4-kilobase pair(kb) fragment of UNA from PG2982 
capable of increasing the glyphosate resistance of E_. coli cells has 
been isolated by selection in media containing 2mM glyphosate. The 
increase in resistance is dependent upon the presence of a plasmid- 
encoded protein with a molecular weight of approximately 33,000. This 
protein is the product of a translational fusion between a gene on the 
vector, pACYC184, and the insert DNA. A lambda clone carrying the 
entire gene from PG2982 has been isolated and subcloning of a 2kb DNA 
fragment carrying this gene has again resulted in a plasmid, pPG18,
viii
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capable of increasing glyphosate resistance in E. coli. A protein 
with a molecular weight of approximately 40,000 is encoded by pPG18. 
This plasmid is not able to complement a mutation in the gene for 
EPSPS in 15. coli strain LC3 and will not hybridize to the 15. coli 
gene. Also, glyphosate can not be broken down by 15. coll cells 
containing the plasmid. The nucleotide sequence of the gene has 
revealed the presence of an open reading frame able to encode a 
protein with a calculated molecular weight of 39,396.
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CHAPTER 1: Uptake of Glyphosate by Pseudomonas sp. strain PG2982
1
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ABSTRACT
Pseudomonas sp. strain PG2982 has the ability to use the 
phosphonate herbicide, glyphosate, as a sole phosphorus source(Moore, 
J. K., H. D. Braymer, and A. D. Larson. 1983. Appl. Environ. 
Microbiol. 46:316-320). Glyphosate uptake occurs at a maximum in the 
late log phase of growth and is induced by phosphate starvation. 
Uptake is inhibited by phosphate and arsenate, but not by the amino 
acids glycine and sarcosine. The Km and Vmax for glyphosate uptake 
were calculated to be 23uM and 0.97nmoles/mg dry wt/min, respectively. 
A phosphate transport system with a broad substrate specificity seems 
to be responsible for glyphosate uptake.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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INTRODUCTION
The organophosphonate compound glyphosate [N-(phosphono-
methyl)glycine] is the active ingredient in the herbicide Roundup 
produced by the Monsanto Chemical Co., St. Louis, Mo. Glyphosate has 
been shown to be rapidly degraded in soil(18,21) and pure cultures of 
bacteria able to utilize glyphosate as a sole source of phosphorus 
have been described(l,12,13,22). In addition, the degradation of
other phosphonate compounds by bacteria has been the subject of
several investigations (5,6,7,16, 23,24,26).
However, there have been relatively few studies on the uptake of
phosphonate compounds by bacteria. Holden et al.(9) have reported
that aminophosphonic acids analogous to glutamic acid, aspartic acid,
alanine, and valine are actively accumulated by Lactobacillus
plantarum. Competition studies using the aspartic acid analog
2-amino-3-phosphonopropionic acid(APP) have shown that structurally
related compounds such as glutamic acid, aspartic acid, and cysteic
acids are able to inhibit the uptake of this compound by L. plantarum
and Streptococcus faecalls. Kinetic studies have shown that a single
system is responsible for uptake in S. faecalis. Mutants lacking a
dicarboxylic acid uptake system are unable to accumulate APP. This
system has a K of 8.33mM and a V of 0.677umoles/lOOmg/min with m max °
respect to APP. The for aspartic acid in this system is 0.03mM 
indicating a much higher affinity for the natural substrate, aspartic 
acid. This study suggests that these aminophosphonic acids, since
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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they are similar to amino acids in structure, are taken up by amino
acid transport systems.
The transport of 2-aminoethylphosphonic acid(2-AEP) by a strain
of Bacillus cereus has been studied by Rosenberg and LaNauze(16).
They found that this organism was able to utilize 2-AEP as a sole
phosphorus source in the absence of inorganic phosphate(Pi). Cells
grown in broth containing 2-AEP as the phosphorus source were able to
immediately take up ^P-2-AEP when resuspended in fresh phosphate-free
broth. However, cells grown in broth containing excess Pi could not
take up the labeled 2-AEP unless the cells had been starved for
phosphate after growth. These phosphate starved cells were able to
take up 2-AEP after a brief induction period. Induction was dependent
on new protein synthesis, since it did not take place in the presence
of chloramphenicol. Also, induction did not take place if Pi was
added to the phosphate starved cells. Pi, however, did not interfere
with uptake once it had been induced. It was also found that
aminomethylphosphonate(AMPh) could induce the 2-AEP uptake system
although this substrate could not be utilized as a phosphorus source.
The kinetic parameters for this system were calculated as: Km =
0.09uM, V = 0.48nmoles/min/10® cells. Pi had no effect on the K max m
or Vmax system*
The uptake of some phosphonate compounds by Pseudomonas
aeruginosa has been studied by Lacoste et al.(10). These compounds 
were found to be accumulated by the action of an inorganic phosphate 
uptake system. This system was one of two Pi transport systems found 
in £. aeruginosa. A high affinity Pi transport system was responsible 
for uptake of the phosphonate compounds. Although this system was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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found to have a high affinity for Pi(Km with respect to Pi = l.luM) it 
was also responsible for the uptake of other phosphorus containing 
compounds such as glucose-6-phosphate and pyrophosphate as well as 
some phosphonates including methylphosphonate, aminomethylphosphonate 
and 1-aminoethylphosphonate. The low affinity system(Km = lOuM) was 
more specific for Pi as a substrate. This type of biphasic uptake of 
Pi has been found in several prokaryotic systems(8,11,17) as well as 
some eukaryotic systems(3,4).
Early studies in Escherichia coli have demonstrated the existence 
of at least two systems for Pi transport. Bennett and Malamy(2) found 
that the rate of Pi accumulation by E. coli was inhibited by arsenate. 
They also found that arsenate was accumulated by the cells when 
incubated in the absence of Pi and that the presence of Pi resulted in 
a reduction in the rate of arsenate uptake. These results indicated 
that Pi and arsenate are substrates for a Pi transport system in J5. 
coli. Using L-alpha-glycerophosphate as a source of phosphorus, they 
then selected for mutants able to grow in high concentrations of 
arsenate, a toxic analog of phosphate in intracellular reactions. 
These mutants, therefore, were unable to accumulate arsenate and were 
likely to be deficient in at least one Pi transport system. Some of 
these mutants were unable to accumulate Pi and were completely 
dependent on organic phosphates for growth. However, most of the 
mutants retained the ability to grow on Pi, although they displayed a 
significantly reduced rate of Pi uptake. These results have indicated 
that Pi transport by IS. coli is mediated by at least two systems; one 
has the ability to take up both Pi and arsenate, the other is specific 
for Pi.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6
Medveczky and Rosenberg(ll) were able to partially characterize 
the two E. coli systems. They described two kinetically distinct 
systems, a high affinity system and a low affinity system. They found 
that the cells contain an intracellular pool of Pi. When depleted 
during times of phosphate starvation, this pool could be rapidly 
filled by the simultaneous action of both systems. However, after the 
pool had been replenished, the low affinity system predominated. They 
also found that a phosphate binding protein is involved in transport 
by the high affinity system.
Using a mutant requiring organic phosphate for growth, Sprague et 
al.(20) were able to map the genetic regions responsible for the two 
Pi transport systems in E. coll. They found two genetic loci involved 
in Pi uptake in _E. coli. One, pst, was located at 74 minutes while 
the other, pit, was located at minute 68 on the E. coli genetic map.
The Pi uptake systems controlled by these genes were further 
investigated by Rosenberg et al.(15). Using Ê. coli strains 
containing either a pit or a pst mutation, they characterized each 
system. They found that the PIT system was fully constitutive, 
required no binding protein, operated in spheroplasts, and catalyzed 
the exchange of intracellular Pi with extracellular Pi or arsenate. 
The other system, PST, was inducible by Pi concentrations below ImM, 
required the phosphate binding protein for full activity, did not 
operate in spheroplasts and catalyzed very little exchange with 
extracellular Pi or arsenate.
Willsky and Malamy(25) have studied the kinetics of Pi uptake by 
each system. They reported a Km of 0.43uM Pi and a Vfflax of 15.9nmoles
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Pi/mg dry wt/min for the PST system. The K for the PIT system wasm
38.2uM and the 55 nmoles Pi/mg dry wt/min.
The high affinity system of E. coli(PST) differs from that of £. 
aeruginosa in its specificity. The E. coli system is specific for Pi 
whereas the P. aeruginosa system also has the ability to take up other 
phosphorus containing compounds including some phosphonates.
The same type of system seems to operate in Arthrobacter sp. 
strain GLP-1. The uptake of glyphosate by this organism has been 
investigated by Pipke et al.(14). In this organism, glyphosate was 
taken up by a phosphate transport system. This system was inducible 
by phosphate starvation and glyphosate was not required for the 
induction. The system did not function in cells grown in the presence 
of Pi and once induced, Pi was an efficient competitive inhibitor of 
glyphosate uptake. Arsenate was also an inhibitor of the glyphosate 
uptake system. However, the amino acids glycine, sarcosine, alanine, 
phenylalanine and aspartate produced little inhibition. This system 
was also found to be functioning in cells grown on other phosphonate 
compounds such as aminomethylphosphonate.
Moore(J. K. Moore, M. S. thesis, Louisiana State University, 
Baton Rouge, 1983) has found that Pseudomonas sp. strain PG2982(12) 
does not take up significant amounts of glyphosate in the presence of 
Pi, although it has the ability to utilize glyphosate as a phosphorus 
source. This study was undertaken to examine the glyphosate uptake 
system of PG2982 and the effect of Pi on the uptake system. In 
addition, since some phosphonates are known to use amino acid uptake 
systems, the effect of amino acids similar in structure to glyphosate 
on uptake was also investigated.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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fseudomnant ip . strain PG29S2 has the ability to use the phnephnnals bertdddc, glypboeatc, a  « a h  
phosphorus m w a (J. K . Moor*, H . D. firnymer, tad A. D. Laraoe, AppL l ld n t .  Mkrnbkd. 4fc314-320, 
1M3). Oypbeeatt uptake k  masjraal ia Ike latx lag phase o f growth aad k  induced bp phosphate n r n lb e . 
Uptake k bp phosphate aad am aan. bal aat bp tbc f l a t  adds glycine aad aarcaiac. The JT_ aad
V—  far gtypboeatc uptake wor* eakahtad to be 23 |iM  aad bSJ nasoi/mg (dry might) per afe, laepectlTely. 
A pbaaphaic traaepatt syrtssn with a bread abetrmte specificity may be reapeaalbk tar iiyphosate aptake.
Glyphosate (A/-phosphonotnethylglycinc) is the active in­
gredient in the herbicide Roundup produced bp the Mon­
santo Chemical Co., St. Louis, Mo. It  is a potent inhib itor o f 
3-enolpyTuvylshikunate-3-photphalc synthase, an enzyme 
involved in the synthesis o f aromatic amino acids (3, 10). 
Moore et al. (4) previously described an organism (Pseudo­
monas sp. strain PG29R2) which has the ab ility  to utilize 
glyphosate. as well as several other phosphonate compounds 
(S), as a sole source o f phosphorus. However, in the pres­
ence o f P „ glyphosate is not utilized and remains in the 
medium Cl. K . Moore, M . S. thesis, Louisiana State Univer­
s ity, Baton Rouge, ISO ). We therefore investigated the 
uptake o f glyphosate by FG29S2 and the effect o f phosphate 
oo glyphosate uptake.
FG2S82 was routinely grown and maintained on 1 mM 
glyphosate agar, which consisted o f minimal medium plus 1 
mM glyphosate (free add form , 99.7% pure) as a phosphorus 
source. M inim al medium was composed o f Dworidn-Foster 
salts w ithout phosphate (1); gluconate (1% [wt/volD  was 
added as a carbon source, and thiamine was added voSptl 
m l. Phosphate, when added to  media o r to uptake assayt, 
was in the form  o f monoaodium orthophosphate (N s,H P 0J. 
Arsenate, when added to uptake assays, was in the form  o f 
Na,HAsPO..
For glyphosate uptake assays, broth cultures w ith 0 J  mM 
glyphosate, 0.3 mM phosphate, or 30 mM phosphate as the 
sole phosphorus source were used. Uptake assays were 
done by removing a portion o f the culture, washing it  once 
w ith minimal medium without phosphorus, and suspending it 
in minimal medium w ithout phosphorus to an optical density 
at <00 nm o f 1.0. [3-wC]giyphoaaic was added to  1 mM or 
100 pM . and at intervals, 100-pl samples o f 14C-labeled cells 
were filtered through 0.43-iun-pore-tize M etricel membrane 
fitters (Gclman Sciences Inc., Ann Arbor, M ich.). Tbc filters 
were washed with 3 ml o f m»««wai medium w ithout phos­
phorus, dried, and placed in vials w ith 6 ml o f Aqualytc Plus 
scintillation cocktail (I. T . Baker Chemicals, Deventer, The 
Netherlands). Radioactivity was measured w ith a LSfifiOO 
liquid sdntilla tioo counter (Beckman Instruments, Inc., Ful­
lerton, C alif.).___________________ ______
Breakdown o f [3-wC]^yphosate by FG29G results in the 
evolution o f "C O , and the loss o f radioactivity Bum the 
culture (S). To be sure that gtyphosaU was net broken down 
during uptake assays. 10-pl samples were taken before and
•  Consspondint author.
U K
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after the assays. These samples were not filtered but were 
counted directly. Counts before and after the assays were 
sim ilar to counts taken from uninoculated controls, indicat­
ing that a significant breakdown o f glyphosate had not taken 
place during the assays (data not shown).
Bacterial dry weight measurements were made by filtering 
eclls through a 0.43-iun-porc-size membrane filte r, washing 
the fille rs w ith 3 ml o f minimal medium, drying these filters 
fo r 6 h at 60*C, and weighing the filte rs.
Glyphosate was assayed on a Beckman amino acid ana­
lyzer (model 1200 by the procedure o f Moore et al. (4).
In itia lly , it  was found that the rate o f glypboaate uptake by 
PG29K was quite variable during its  growth cycle. Uptake 







FIG. L  Glypheaait aptake daring growth o f PG2M2. Symbols: 
• ,  growth of PG3M2 at detcrauMd by eeeasariag optical density at 
400 am A , glypheaate ctmcritnalioa m the culture
medium; B. ceuats perm ute acramntand by 0.1 ml ofcaBt during 





FIG. 2. Glyphosate uptake by cells frow n in media containinf 
0.5 mM glvphoaate ( • ) .  0.5 mM Na: HP0. (A). or 50 mM Na.HPO. 
(■) u  the sole phosphorus source. Counts per minute accumulated 
by 0.1 ml o f ceils durinf 15-min uptake assay with 1 mM 
l2-u Clflyphnsate.
phase or growth (Fig. 1). This stage correlates w ith rapid 
disappearance o f glyphosate from the growth medium. Be­
fore and after this point, the rate o f glyphosate uptake 
decreased markedly.
Since the presence o f phosphate inhibits the utilization o f 
glyphosate (Moore. M.S. thesis), we investigated the uptake 
o f glyphosate by cultures o f FG29S2 grown in minimal 
medium containing lim iting (0.3 mM) and excess (30 mM) 
phosphate. PG29S2 cells grown in minimal medium with 0.3 
mM phosphate exhibited a glyphosate uptake pattern very 
sim ilar to that o f cells grown in minimal medium w ith 0.3 
mM glyphosate (Fig. 2). However, when grown in minimal 
medium plus 30 mM phosphate. PG29S2 did not lake up 
significant amounts o f glyphosate at any stage in its growth 
cycle. This suggests that uptake o f glyphosate is regulated by 
the availability o f phosphate. Also, glyphosate uptakr oy 
cells grown in minimal medium plus 0.5 mM phosphate was 
unnficcicd by the addition before the assay o f chloramphen­
icol at 100 pg/ml (data not shown). Therefore, it seems that 
uptake is not induced by glyphosate itself, but rather by 
phosphate lim itation.
Cells isolated at the stage in which glyphosate accumula­
tion was at a maximum were used to investigate uptake 
further. It was found that phosphate inhibited uptake when it 
was added to cells during uptake assays. When phosphate 
w is added at a concentration o f 1 mM to uptake assays with 
100 mM  [3->4C]glyphosate. uptake immediately stopped (Fig. 














FIG. 3. Effect o f phosphate and ancnate on glyphosate uptake, 
thow in i uptake o f [J-u C)gJyphotaie (initial concentration. 0.1 mM) 
by PG2962 (#). After 30 ». Na.HP04 (■ ) or NasH A s04 (A ) was 













FIG. 4. Effect o f glycine and sarcoime on glyphoaaie uptake, 
•bowing uptake o f (V*C]glyphotatc (initial concentration. 0.1 mM) 
by PG29K ( • ) .  A fte r 30 i .  glycine (A) o r larcosinc (■ ) w is  added 
to 1 mM.
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FIO. S. Kinetic parameters of glyphosate uptake by PG2982. V. 
Nanomole.' o f glyphosate per m illifram  (dry weight) per minute; S. 
nanomoles per milliliter.
i  portion o f the glyphosate molecule i i  structurally sim ilar to 
that o f the amino acid glycine, we also investigated the 
possibility that it is taken up by a glycine transport system. 
However, when 1 mM glycine was added to uptake assays 
containing 100 |xM (3-uC)glyphotaie, no inhibition o f uptake 
was seen (Fig. a). Sim ilarly, sareosine, which is also structur­
ally related to glyphosate. had no effect on glyphosate uptake.
A Lineweaver-Burk plot o f glyphosate uptake was made 
by measuring in itia l uptake rates at various glyphosate 
concentrations between 1 and 100 ssM. The Km was deter­
mined to be 23 tsM. and the V was 0.97 nmol/mg (dry
weight) per min (Fig. 3).
We are not aware o f any previous studies o f glyphosate 
uptake by bacteria. However, uptake o f aminophosphonic 
acids other than glyphosate has been studied w ith some 
bacteria. The glyphosate uptake system o f PG29S2 seems to 
differ from the systems for other aminophosphonic acids 
reported fo r these bacteria.
Uptake o f aminophosphonic acids analogous to glutamic 
acid, aspartic acid, alanine, and valine has been studied in 
Streptococcus faecalis and Lactobacillus plantarum (2). 
These aminophosphonic acids were found to be accumulated 
by amino acid transport systems. However, cultures o f these 
bacteria were grown and assayed in high concentrations o f 
phosphate.
Rosenberg and LaNauze (7) have reported the utilization 
o f aminoethylphosphonate as the sole phosphorus source by 
a strain or Bacillus cert us. However, aminoethytphos- 
phonatc was not used in the presence o f phosphate, and 
induction o f the transport system was suppressed by phos­
phate. In the absence o f phosphate, the transport system 
was induced by the substrate aminoethylphosphonate.
The glyphosate uptake system of FG29S2 seems to be 
unlike either o f these uptake systems. Since neither of the 
structurally related amino acids glycine or sareosine was 
able to compete w ith glyphosate in uptake assays, it is
unlikely that an amino acid transport system is responsible 
fo r the high level o f glyphosate uptake found in PG29S2. As 
in the case o f B. cere us. excess phosphate does inhibit 
induction o f glyphosate transport. However, glyphosate 
itse lf is not required for induction. In this case, phosphate 
starvation alone is sufficient for induction.
In Escherichia coli. many genes are known to be induced 
by phosphate starvation (12). Several proteins are involved 
in the uptake o f phosphate and phosphorylated compounds 
from the medium (11). Among these are proteins involved in 
a high-affinity phosphate transport system which is specific 
fo r P' (6). An analogous high-affinity system is known to 
operate in  Pseudomonas aeruginosa, but it has a wider 
substrate specificity (3). In P. aeruginosa, arsenate can 
compete with phosphate through the high-affinity system, as 
can meihylphosphonatc and other aminophosphonic acids. 
We feel that a sim ilar system may operate in PG29S2 to take 
up glyphosate. This system apparently has a broad speci­
fic ity . since it is responsible fo r the uptake o f phosphate, 
arsenate, and glyphosate. Ukc P. aeruginosa. PG2982 may 
have developed a transport system with a high affinity for P, 
and a lower affinity for various phosphorus-containing corns 
pounds, including glyphosate.
This work was supponcd in pan by the Louisiana State Univer­
sity Agricultural Experiment Station.
We thank the Monsanto Chemical Co. for providing the [3*UC1 
glyphosate. We also thank Robert Belas for his critical review of the 
manuscript.
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SUMMARY
The uptake of glyphosate by Pseudomonas sp. strain PG2982 appears 
to be remarkably similar to that of Arthrobacter sp. strain GLP-1(14). 
The glyphosate uptake system of each organism is inducible by 
phosphate starvation. Both systems are inhibited by Pi as well as 
arsenate and are not inhibited by the amino acids glycine and 
sareosine which are similar in structure to glyphosate. 
Interestingly, glyphosate seems to be broken down by these organisms 
in a similar manner as well(13,19).
Uptake of glyphosate by both organisms probably operates through 
a high affinity phosphate uptake system similar to the one described 
for £. aeruglnosa(10). In P. aeruginosa the high affinity phosphate 
uptake system is non-specific and, in the absence of Pi, will result 
in the uptake of other phosphorus containing compounds including some 
phosphonates.
The for glyphosate in Pseudomonas sp. strain PG2982 is 23uM 
reflecting a higher affinity for glyphosate than the corresponding 
system in Arthrobacter(Km = 125uM,14). In JP. aeruginosa, the Km for 
Pi in the high affinity uptake system is l.luM(lO). The very high 
affinity for this substrate probably reflects the preference of the 
system for Pi. When Pi is absent, other phosphorus containing 
compounds will be taken up by the system but the affinity for these 
substrates is not as great as that for Pi.
The glyphosate uptake system of these organisms is different from 
the uptake system for 2-AEP in B. cereus(16). In this organism 2-AEP 
induces its own uptake in the absence of Pi. Pi inhibits induction of
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the system but once Induced Pi has no effect on uptake of 2-AEP. The 
very high affinity for 2-AEP(Km = 0.09uM) probably reflects the
specificity of the system. Unlike the other phosphonate uptake 
systems, the natural substrate of this system is the phosphonate, 
2-AEP.
The amino acids glycine and sarcosine, although structurally 
related to glyphosate, do not affect the uptake of glyphosate by 
Arthrobacter sp. strain GLP-1(14) and Pseudomonas sp. strain PG2982. 
This would seem to rule out the involvement of amino acid uptake 
systems in the uptake of glyphosate as was the case in the studies on 
L. piantarum and S. faecalis(9). These organisms, however, were not 
able to utilize the phosphonates as a source of phosphorus. In 
organisms which have this ability, uptake of the phosphonates would be 
expected to be regulated in some way by the availability of Pi. This 
has been found to be true in every case where phosphonate uptake has 
been studied in an organism able to use that phosphonate as a source 
of phosphorus.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
LITERATURE CITED
1. Balthazor, T. M. and L. E. Hallas. 1986. Glyphosate-degrading
microorganisms from industrial activated sludge. Appl. Environ. 
Microbiol. 51:432-434.
2. Bennett, R. L., and M. H. Malamy. 1970. Arsenate resistant mutants
of Escherichia coli and phosphate transport. Biochem Biophys.
Res. Comm. 40:496-503.
3. Blasco. F., G. Ducet, and E. Azoulay. 1976. Mise en evidence de
deux systemes de transport du phosphate chez Candida tropicalis. 
Biochemie. 58:351-357.
4. Burns, D. J. W., and R, E. Beever. 1977. Kinetic characterization
of the two phosphate uptake systems in the fungus Neurospora 
crassa. J. Bacteriol. 132:511-519.
5. Cook, A. M., C. B. Daughton, and M. Alexander. 1979. Benzene from
bacterial cleavage of the carbon-phosphorus bond of 
phenylphosphonate. Biochem. J. 184:453-455.
6. Cook, A. M., C. B. Daughton, and M. Alexander. 1978. Phosphonate
utilization by bacteria. J. Bacteriol. 133:85-90.
7. Karkness, D. R. 1966. Bacterial growth on aminoalkylphosphonic
acids. J. Bacteriol. 92:623-627.
8. Harold, F. M., and Baarda, J. M. 1966. Interaction of arsenate with
phosphate transport system in wild type and mutant Streptococcus 
faecalls. J. Bacteriol. 91:2257-2262.
9. Holden, J. T., J. N. A. vanBalgooy, and J. S. Kittredge. 1968.
Transport of aminophosphonic acids in Lacto- bacillus plantarum 
and Streptococcus feacalis. J. Bacteriol. 96:950-957.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
15
10. Lacoste, A. M., A. Cassat^ne, and E. Neuzil. 1981. Transport of
Inorganic phosphate in Pseudomonas aeruginosa. Curr. Microbiol. 
6:115-120.
11. Medveczky, N., and H. Rosenberg. 1971. Phosphate transport in
Escherichia coll. Biochim. Biophys. Acta 241:494-506.
12. Moore, J. K., H. D. Braymer, and A. D. Larson. 1983. Isolation of
a Pseudomonas sp. which utilizes the phosphonate herbicide 
glyphosate. Appl. Environ. Microbiol. 46:316-320.
13. Pipke, R., N. Amrhein, G. S. Jacob, J. Schaefer, and G. M.
Kishore. 1987. Metabolism of glyphosate in an Arthrobacter sp. 
GLP-1. Eur. J. Biochem. 165:267-273.
14. Pipke, R., A. Schulz, and N. Amrhein. 1987. Uptake of glyphosate
by an Arthrobacter sp. Appl. Environ. Microbiol. 53:974-978.
15. Rosenberg, H., R. G. Gerdes, and K. Chegwidden. 1977. Two systems
for the uptake of phosphate in Escherichia coli. J. Bacteriol. 
131:505-511.
16. Rosenberg, H., and J. M. LaNauze. 1967. The metabolism of
phosphonates by microorganisms. The transport of aminoethyl- 
phosphonic acid in Bacillus cereus. Biochim. Biophys. Acta 
141:79-90.
17. Rosenberg, H., N. Medveczky, and J. M. LaNauze. 1969. Phosphate
transport in Bacillus cereus. Biochim. Biophys. Acta 193:159-167.
18. Rueppel, M. L., B. B. Brightwell, J. Schaefer,and J. T. Marvel.
1977. Metabolism and degradation of glyphosate in soil and water. 
J. Agric. Food Chem. 25:517-528.
19. Shinabarger, D. L., and H. D. Braymer. 1936. Glyphosate catabolism
by Pseudomonas sp. strain PG2982. J. Bacteriol. 168:702-707.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20. Sprague, G. F., R. M. Bell, and J. E. Cronan,Jr. 1975. A mutant of
Escherichia coll auxothrophlc for organic phosphates: evidence
for two defects in inorganic phosphate transport. Molec. Gen. 
Genet. 143:71-77.
21. Sprankle, P., W. F. Meggitt, and D. Penner. 1975. Adsorption,
mobility, and microbial degradation of glyphosate in the soil.
Weed Science 23:229-234.
22. Talbot, H. W., L. M. Johnson, and D. M. Munnecke. 1984. Glyphosate
utilization by Pseudomonas sp. and Alcallgenes sp. isolated from 
environmental sources. Current Microbiology 10:255-260.
23. Wackett., L. P., B. L. Wanner, C. P. Venditti, and C. T. Walsh.
1987. Involvement of the phosphate regulon and the psiD locus in 
carbon-phosphorus lyase activity of Escherichia coli K-12. J.
Bacteriol. 169:1753-1756.
24. Wackett, L. P., S. L. Shames, C. P. Venditti, and C. T. Walsh.
1987. Bacterial carbon-phosphorus lyase: products, rates, and
regulation of phosphonic and phosphinic acid metabolism. J. 
Bacteriol. 169:710-717.
25. Willsky, G. R., and M. H. Malaray. 1980. Characterization of two
genetically separable inorganic phosphate transport systems in 
Escherichia coli. J. Bacteriol. 144:356-365.
26. Zelenick, L. D., T. C. Myers, and E. B. Titchener. 1963. Growth of
Escherichia coli on methyl- and ethylphosphonic acids. Biochim. 
Biophys. Acta. 78:546-547.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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which Confers Increased Resistance to the Herbicide 
Glyphosate.
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ABSTRACT
Pseudomonas sp. strain PG2982 is highly resistant to the herbicide 
glyphosate, a potent inhibitor of the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase(EPSPS). In addition, 
PG2982 is able to utilize glyphosate as a sole source of phosphorus. 
A plasmid carrying a 2.4-kilobase pair(kb) fragment of DNA from PG2982 
capable of increasing the glyphosate resistance of Ê. coli cells has 
been isolated by selection in media containing 2mM glyphosate. The 
increase in resistance is dependent upon the presence of a plasmid- 
encoded protein with a molecular weight of approximately 33,000. This 
protein is the product of a translational fusion between a gene on the 
vector, pACYCL84, and the insert DNA. A lambda clone carrying the 
entire gene from PG2982 has been isolated and subcloning of a 2kb DNA 
fragment carrying this gene has again resulted in a plasmid, pPGI8, 
capable of increasing glyphosate resistance in Ê. coli. A protein 
with a molecular weight of approximately 40,000 is encoded by pPG18. 
This plasmid is not able to complement a mutation in the gene for 
EPSPS in E_. coll strain LC3 and will not hybridize to the Ê. coli 
gene. Also, glyphosate can not be broken down by E. coli cells 
containing the plasmid. The nucleotide sequence of the gene has 
revealed the presence of an open reading frame able to encode a 
protein with a calculated molecular weight of 39,396.
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INTRODUCTION
Glyphosate [N-(phosphonomethyl)glycine] is the active ingredient 
in the broad spectrum, post-emergent herbicide Roundup, produced by 
the Monsanto Chemical Co., St. Louis, MO. Glyphosate, like most 
herbicides, is non-selective; it will not distinguish between crop and 
weed(45). The commercial use of glyphosate requires special equipment 
and procedures in order to apply the herbicide to the weeds while 
leaving the crop plant intact. The creation of glyphosate resistant 
crop plants would allow application of glyphosate to the crop as well 
as the weeds. Growth of the crop would be unaffected and the weeds 
would be killed. Application of glyphosate would then become much 
easier and much less expensive. Efforts to genetically engineer 
plants displaying such herbicide selectivity have focused on the 
construction of plants resistant to glyphosate(45). However, this 
strategy is also being used to develop plants resistant to 
sulfonylurea herbicides(11,27,48), imidazolinone herbicidesC2) and 
phosphinothricin(45).
Glyphosate is able to inhibit the growth of a wide variety of 
prokaryotic and eukaryotic organisms due to its ability to strongly 
inhibit the enzyme 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS)(81). This enzyme catalyzes the conversion of
shikimate-3-phosphate to 5-enolpyruvylshikimate-3-phosphate in the 
prechorismate aromatic amino acid biosynthetic pathway(35).
EPSPS has been studied in several systems. The Escherichia coli 
enzyme is active as a monomer with a molecular weight of 46,100(24).
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This is also the case with the Salmonella typhimurium enzyme 
(Mr=46,100; 79) and the Bordetella pertussis protein (MrS*46,688; 50). 
EPSPS from the fungi Sacharomyces cerevisiae and Aspergillus nidulans 
has been found to be a part of the multifunctional AROM complex which 
is able to catalyze five consecutive steps of the pre-chorismate 
aromatic pathway( 13,23). The S_. cerevisiae AROM complex consists of a 
single large polypeptide of molecular weight 174,555(23). The enzyme 
from Petunia hybrida is produced as a cytosolic pre-EPSPS of molecular 
weight 55,000(20). This polypeptide carries a 72 amino acid transit 
peptide which facilitates uptake of the enzyme by the chloroplast. 
The protein is then cleaved to the mature 48 kilodalton(kDa) form 
found in the chloroplast where most of the aromatic amino acid 
biosynthesis takes place in plant cells(51). The amino acid sequences 
of petunia and tomato(Lycopersicon esculentum) EPSPS show a high 
degree of similarity to the Ê. coll enzyme and appear to be more 
closely related to the bacterial enzyme than to that of the fungus k .  
nidulans(34).
Chemical modification studies of Huynh and co-workers(40,41,42) 
and Pagette et al.(56) have identified amino acid residues important 
in the binding of substrate as well as glyphosate by E. coli EPSPS. 
In one such study, treatment of the enzyme with
5,5’-dithiobis-(2-nitrobenzoic acid)(DTNB) resulted in modification of 
two cysteine residues, one of which could be protected from
modification by the presence of shikimate-3-phosphate and glyphosate. 
Although modification did not result in inactivation of the enzyme, it 
did alter the Km values for both PEP and glyphosate, but not
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shikimate-3-phosphate. Therefore, this residue is probably near the 
binding site for PEP and glyphosate. Amino acid sequencing of tryptic 
peptides derived from the protected and unprotected enzyme has led to 
the identification of the protected residue as Cys-408.
The enzyme also contains a reactive y-carboxyl group at the 
glyphosate binding site(40). When treatment with l-ethyl-3-
(3-dimethylaminopropyl) carbodiimide in the presence of glycine ethyl 
ester was used to modify carboxyl groups on the enzyme, it was found 
that among four modifiable carboxyl groups, one was critical for 
activity. Modification of the enzyme in the absence of 
shikimate-3-phosphate and glyphosate yielded a tryptic peptide 
containing ^C-glycine ethyl ester which was not found when
shikimate-3-phosphate and glyphosate were present during modification. 
Protection of this residue was not found when modification was
performed in the presence of shikimate-3-phosphate only. Therefore, 
this carboxyl group, identified as Glu-418 by amino acid sequencing of 
the labeled peptide, is located at or near the glyphosate binding 
site. Since glyphosate is a competitive inhibitor of the enzyme with 
respect to ?EP(8), th, s site is also thought to be near the PEP
binding site.
Inactivation of the enzyme by pyridoxal-5'-phosphate modification 
could also be prevented by shikimate-3-phosphate and glyphosate(42). 
Sequencing of a tryptic peptide containing the pyridoxal-5'-phosphate 
moiety has shown that the modifiable residue in this case was Lys-22. 
The amino acid sequence around Lys-22 is conserved in bacterial, 
fungal and plant EPSPS and probably is part of the active site of the
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enzyme(42). After replacement of the Lys-23(equivalent to Lys-22 from 
E. coll) residue of Petunia hybrida EPSPS with Ala, Glu and Arg by 
site directed mutagenesis, only the Arg-23 mutant was active(41). 
Shikiraate-3-phosphate and glyphosate were shown to be able to bind the 
Arg-23 mutant but not the Ala-23 mutant. Thus, the Lys-23 residue is 
probably important in substrate binding.
Sensitivity of EPSPS to glyphosate is known to vary among 
organisms and some bacteria have been shown to be naturally resistant. 
Schultz et al.(70) have shown that EPSPS extracted from several 
bacteria, a green alga and two plants were highly sensitive to 
glyphosate. However, those isolated from 5 of 6 Pseudomonas species 
were much less sensitive. Five millimolar glyphosate did not 
significantly decrease the growth rate of these cultures and 
shikimate-3-phosphate could not be detected in the culture 
supernatant.
Pseudomonas sp. strain PG2982, isolated by Moore et al.(53), is 
able to grow in concentrations of glyphosate exceeding 
100mM(unpublished observations). This organism has the ability to 
utilize glyphosate, as well as several other phosphonate 
compounds(72), as a sole phosphorus source and, during phosphate 
starvation, the cells are able to take up relatively large amounts of 
glyphosate(30). While the EPSPS from this organism has not been 
studied in detail, partially purified preparations are much less 
sensitive to glyphosate inhibition than the E. coli enzyme(unpublished 
observations).
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Resistance to glyphosate can also be conferred by overexpression 
of EPSPS. Rogers et al.(64), working with J5. coli, have shown a 
substantial increase in glyphosate resistance when the gene for 
EPSPS(aroA gene in I£. coli) was cloned on a multicopy plasmid. These 
cells overproduced EPSPS 5-17 fold and exhibited at least an 8-fold 
increase in glyphosate resistance.
EPSPS mutants, selected for resistance to glyphosate, have also 
been isolated. Two types of mutations were found. In one type, the 
mutations resulted in overproduction of EPSPS leading to increased 
glyphosate resistance. Overexpression was found to occur either by 
Increased transcriptional activIty(45,76) or by gene 
amplification(71). In the other type of mutant, there was a change in 
the enzyme itself, usually with a concurrent increase in the Km for 
PEP(and sometimes for shikimate-3-phosphate as well) accompanied by a 
large increase in the for glyphosate(1,45,79).
An E. coli mutant, selected for resistance to glyphosate, 
produces an EPSPS with a molecular weight and isolelectric point 
identical to the wild type enzyme(45). However, the Kffl for 
shikimate-3-phosphate and PEP are both increased relative to the wild 
type enzyme, while the V x is only about 60% of the wild type. The 
for glyphosate is 4mM for the mutant compared to luM for the wild 
type.
A glyphosate tolerant mutant of Aerobactor aerogenes has also 
been described(l). In this case significant differences were found 
between the wild-type and mutant enzymes with regard to pH optimum, 
temperature optimum, and isoelectric point. The mutant enzyme
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displayed an increase in for both shikimate-3-phosphate and PEP. 
The 1-50 for glyphosate was 15uM for the wild type and 55uM for the 
mutant(45). In addition, PEP was able to protect the enzyme from 
inactivation by chemical modification while glyphosate was not. This 
mutant, therefore, displays a significant decrease in its ability to 
bind glyphosate.
A glyphosate resistant mutant of typhimurium has been isolated 
by Comai et al.(16). The mutant aroA gene has been found to contain a 
point mutation causing a single amino acid change from proline to 
serine at position 101 in the EPSPS of this organism(79). Kinetic 
values for the mutant enzyme have not been reported, but the enzyme 
exhibited a 9-fold increase in the 1-50 for glyphosate(45). This 
gene, when introduced into tobacco plants under the control of the 
octopine or mannopine synthase promoter from an Agrobacterium 
tumefaciens Ti plasmid, was able to confer an increase in glyphosate 
resistance in these plants(15). Western blot analysis indicated that 
glyphosate tolerance levels were dependent upon the level of 
expression of the mutant enzyme in the transgenic plants. Plants 
without the mutant gene weighed 10% of unsprayed control plants while 
the plants harboring the mutant gene weighed between 30-70% of 
unsprayed controls depending on the level of expression of the mutant 
enzyme. This gene, driven by the mannopine synthase promoter of the 
Agrobacterium tumefaciens Ti plasmid, has been introduced into tomato 
plants again resulting in glyphosate resistant plants(28). The level 
of resistance was again dependent upon the level of expression of the
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mutant enzyme. However, none of the transgenic tomato plants treated 
with glyphosate weighed as much as unsprayed control plants.
Several plant cell cultures have been selected for growth on 
increasing concentrations of glyphosate. One such culture of 
Cordyalis sempervirens was able to grow in glyphosate concentrations 
of up to 10mM(75). The EPSPS activity of these cells was 30-fold 
higher than the parent culture. EPSPS constituted 2.6% of the total 
soluble protein in these cells and 0,06% in the parent cell line(75). 
The glyphosate resisitant cells were shown to contain 10-fold 
increased levels of EPSPS mRNA in the absence of gene 
araplification(45).
Petunia cells, after stepwise selection on increasing 
concentrations of glyphosate, also displayed increased EPSPS activity 
when compared to the parent culture. Genomic blots, using a cDNA 
probe for the EPSPS gene, demonstrated a 20-fold amplification of the 
gene in this culture(71).
Overproduction of EPSPS in transgenic petunia plants has also 
been accomplished by placing the gene for EPSPS under the control of 
the Cauliflower Mosaic Virus(CaMV) promoter for the 35S 
transcript(71). Transgenic plants containing this gene were resistant 
to concentrations of glyphosate sufficient to kill control plants. 
The same promoter has been used for overproduction of Arabidopsls 
EPSPS in Arabidopsls (45). These plants were also resistant to 
glyphosate. The growth rate of these plants, however, was not as 
great as that of untreated control plants.
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A mutant petunia EPSPS gene has been produced by site directed
mutagenesis and introduced into tobacco plants(45). The plants
overproduced EPSPS 6-fold and displayed a high level of resistance to
glyphosate. Treated plants grew at normal rates, produced flowers and
set seeds as well as unsprayed controls. This mutant displayed an
increase in the K_ for PEP in the EPSPS reaction(K„ form m
shikimate-3-phosphate was unchanged). The for glyphosate in the 
mutant was 3mM compared to 0.4uM for the wild type enzyme. The Km 
with respect to PEP has increased in the mutant to 420uM from lOuM in 
the wild type.
It should be noted that the genes derived from plants contain 
sequences specifying transit peptides which target the enzyme in the 
plant cells to the chloroplast where aromatic amino acid biosynthesis 
normally takes place(51). The bacterial mutant discussed above 
contains no transit peptide and so is not targeted to the chloroplast. 
This may be the reason for the remaining glyphosate sensitivity in
plants expressing this gene. Shikimate-3-phosphate may have to 
diffuse into the cytosol, be converted to EPSP by the action of the 
mutant enzyme and then diffuse back into the chloroplast for the 
remaining steps in the aromatic pathway(45). It has also been
suggested that this mutant enzyme, present in the cytosol, may simply 
bind glyphosate preventing it from coming into contact with the host 
plant EPSPS in the chloroplast, thereby indirectly increasing the
glyphosate resistance of the plant(45).
Glyphosate is also known to effect other enzymes by indirect 
mechanisms. It has been shown to inhibit another enzyme in the
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aromatic pathway, 3-deoxy-D-arabino- heptulosonate-7-phosphate
synthase(DAHPS), the first enzyme in the prechorismate aromatic
pathway. Many cells contain more than one isozyme of DAHPS, each of
which is inhibited by a particular aromatic amino acid(35,45).
Glyphosate is able to inhibit a Co ̂ -dependent, tyrosine-sensitive
DAHPS(25,66). However, inhibition may be due to the ability of
glyphosate to chelate Co ions rather than any direct effect on the
enzyme(45). This appears also to be the case for dehydroquinate
synthase(DHQS), another enzyme in the prechorismate aromatic
pathway(6). This secondary mode of action of glyphosate can probably 
2+affect other Co requiring enzymes as well.
In addititon, Fischer et al.(29) have shown another secondary
effect of glyphosate in the production of an energy drain in cells
exposed to glyphosate. In the absence of glyphosate, aromatic amino 
acids inhibit DAHPS, the major regulatory enzyme in the pathway. In 
the presence of glyphosate, aromatic amino acids are not produced and 
DAHPS is unregulated. Since glyphosate inhibits the formation of 
EPSP, very high levels of shikimate-3-phosphate build up intra- and 
extracellularly. A large amount of cellular energy is required for 
this since at least one PEP, one erythrose-4-phosphate, and one ATP 
are used in the production of shikimate-3-phosphate. The energy drain 
can be demonstrated in Bacillus subtilis where chorismate rather than 
the aromatic amino acids, inhibits DAHPS. In these cells, buildup of 
shikimate-3-phosphate and other intermediates can be seen when 
glyphosate is present in high concentrations even if aromatic amino 
acids are supplied. This is due to the fact that chorismate levels
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cannot become high enough to inhibit DAHPS. In contrast, no buildup 
of these intermediates is seen in E .  coli and Pseudomonas aeruginosa 
where aromatic amino acids directly regulate DAHPS. Therefore, in IS. 
subtilis, growth inhibition due to glyphosate is not totally reversed 
by the addition of aromatic amino acids since they do not directly 
inhibit DAHPS to stop the energy drain.
Cotnai et al.(15) have suggested that other targets of glyphosate 
are affected in plants which express a glyphosate resistant EPSPS yet 
show a decrease in size relative to untreated control plants. They 
have also shown that increased resistance to glyphosate can occur 
through mutations in genes other than the aroA gene in S. 
typhimurium(16). After EMS mutagenesis, glyphosate resistant mutants 
were isolated by plating on 350ug/ml glyphosate(about 2mM). These 
mutants arose at a frequency of 10-^. Using an aroA strain of j>. 
typhimurium they then attempted to show cotransduction of the aroA 
marker with the glyphosate resistant phenotype. They found that 
glyphosate resistant mutants which were also aroA mutants arose at a 
frequency of 10” .̂ Therefore, most of the mutations conferring this 
increased glyphosate resistance in S. typhimurium were not aroA 
mutations. No attempt was made to identify any of these mutant genes.
Most efforts to create glyphosate resistant plants have focused on 
the expression of a resistant EPSPS. However, this may not be the 
only way to achieve glyphosate resistance. Many pure cultures of 
bacteria are known to be capable of the breakdown of glyphosate. 
Therefore, expression of the appropriate genes in plants could lead to 
catabolic detoxification. This strategy has been employed in the
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creation of transgenic tobacco plants resistant to the herbicides 
bromoxynil(80) and phosphinothricin(19).
Glyphosate catabolism by pure cultures of bacteria has been 
studied. Most cultures able to break down glyphosate will do so only 
under conditions of phosphate starvation. Under these conditions 
glyphosate is utilized as a sole source of phosphorus. At some point 
in the catabolism of glyphosate, therefore, the cells must be able to 
cleave the phosphonate(C-P) bond in order to release inorganic 
phosphate(Pi).
Two different mechanisms of glyphosate catabolism have been 
described for organisms capable of glyphosate utilization. In one, 
glyphosate is converted to aminomethylphosphonate(AMPh) before C-P 
bond cleavage occurs(4,57). In the second, the C-P bond is cleaved 
directly leading to the production of sarcosine and Pi(59,73). 
Enzymes capable of direct cleavage of the C-P bond of phosphonate 
compounds such as glyphosate and AMPh are called C-P lyases(85).
The first mechanism is employed by Arthrobacter atrocyaneus 
ATCC13752(57). Glyphosate is converted to AMPh by this organism which 
is then degraded to yield inorganic phosphate(Pi). However, 
conversion to AMPh does not take place in the presence of Pi. A 
Flavobacterium sp. isolated by Balthazor and Hallas(4) also converts 
glyphosate to AMPh and will do so in the presence of Pi. However, 
AMPh is not further broken down in the presence of Pi.
Shinabarger and Braymer(73) have investigated the breakdown of 
glyphosate by Pseudomonas sp. strain PG2982. Using [3-^C]glyphosate 
it was found that 50-59% of the phosphonomethyl carbon of glyphosate
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was oxidized to ^CC^. The remaining radioactivity was found 
primarily in the amino acids serine and methionine, the purine bases, 
adenine and guanine, and the pyrimidine base, thymine. All of these 
compounds are known to receive a one carbon unit from the coenzyme 
tetrahydrofolate. When the cells were incubated with
[3-^C]glyphosate and 50mM sarcosine, labeled sarcosine was isolated 
from cell extracts. Extracts prepared from cells grown on glyphosate 
as sole phosphorus source contained a sarcosine oxidizing enzyme which 
was able to convert sarcosine to glycine and formaldehyde. This 
activity was greatly reduced in cells grown on Pi as a phosphorus 
source. Also, [1, 2-^C] glyphosate added to these cells was found only 
in glycine and serine residues of labeled proteins. These results 
demonstrate that this organism converts glyphosate to sarcosine which 
is then further degraded to glycine and formaldehyde. The C-P lyase 
of this organism, therefore, has the ability to act directly on the 
C-P bond of glyphosate.
Arthrobacter sp. strain GLP-1 also has the ability to utilize 
glyphosate as a phosphorus source(59). [A mutant of this organism has 
also been described which has the ability to utilize glyphosate as a 
sole source of phosphorus and nitrogen(58)]. Using [3-^C]glyphosate, 
the phosphonomethyl carbon of glyphosate was found in the amino acids 
serine, cysteine, methionine, and histidine. It also appeared in the 
purine bases and thymine clearly indicating the involvement of 
tetrahydrofolate in single carbon transfer reactions. Glycine derived 
from glyphosate was found in proteins and purine bases. Addition of 
unlabeled sarcosine to cells actively breaking down glyphosate
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resulted in the isolation of a labeled intermediate which coraigrated 
with sarcosine on TLC plates. Treatment of this intermediate with 
sarcosine oxidase produced an unlabeled compound which comigrated with 
glycine on TLC plates and a volatile labeled product (presumably 
formaldehyde). This mode of glyphosate breakdown is very similar to 
that of Pseudomonas sp. strain PG2982.
Other cultures able to utilize glyphosate as a sole phosphorus 
source have been described by Talbot et. al.(82) and Wackett et 
al.(85). However, the actual mode of glyphosate degradation by these 
cultures has not been reported.
Bacteria capable of cleavage of the C-P bond of other phosphonate 
compounds have also been reported(17,18,38,47, 91). The most thorough 
of these investigations was done by LaNauze et al.(47) using a strain 
of Bacillus cereus which has the ability to utilize 2-aminoethyl- 
phosphonate (2-AEP) as a sole source of phosphorus. These cells 
convert 2-AEP to phosphonoacetaldehyde which is then broken down to 
acetaldehyde and Pi. A phosphonatase enzyme, purified from these 
cells, is able to catalyze the hydrolysis of phosphonoacetaldehyde. 
This is the only isolation of an enzyme capable of C-P bond cleavage. 
This enzyme is referred to as a "phosphonatase" since it can not act 
directly on the C-P bond of alkylphosphonic acids. C-P lyase enzymes 
possess this capability(85).
Wackett et al.(84) have studied the ability of IS. coli cells to 
utilize methylphosphonate as a sole source of phosphorus. This 
activity was found only after an extended lag phase and a mutation may 
be necessary for the onset of this activity. In these "preadapted"
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cells, this activity was expressed only during phosphate limitation. 
Also, the activity was found to be lacking in a psiD mutant strain. 
This psi mutation was originally identified by Wanner et al.(87). 
They identified several phosphate starvation inducible(psi) genes 
using a Mud-lac fusion technique. Random insertions of the Mudl phage 
into the 15. coli genome resulted in the formation of transcriptional 
fusions with genes on the chromosome and the lac gene on the Mudl 
phage. The psi mutants were identified by their lac+ phenotype on 
media containing low levels of Pi but lac on media containing high 
levels of Pi. In PI transductions using the psiD;;lacZ(Mudl) strain, 
the mutation was transferred to a preadapted strain by selecting for 
the ampicillin resistant marker carried by the Mudl phage. All 
ampicillin resistant transductants were unable to utilize 
raethylphosphonate as a phosphorus source. As yet, however, no C-P 
lyase or phosphonatase gene has been cloned.
This study was aimed at cloning the aroA gene and the gene for 
C-P lyase from Pseudomonas sp. strain PG2982. Attempts to clone the 
C-P lyase gene have not been successful. However, a gene which can 
confer increased resistance to glyphosate in 15. coli has been cloned. 
Despite this ability, the gene is probably not the aroA gene of 
PG2982.




Pseudomonas sp. strain PG2982 has been described by Moore et 
al.(53). Ê _ coli strains used in this study are listed in Table 1.
Plasmid and phage vectors used are listed in Table 2.
Media and Reagents
Pseudomonas sp. strain PG2982 was maintained on glyphosate agar
as described by Moore et al.(53). Minimal medium without phosphorus
is the minimal salts of Dworkin and Foster(26) without phosphate 
containing 1% gluconate and lOOug/ml thiamine. M63 medium has been 
described by Silhavy et. al.(74). E. coli strains were maintained on 
L-agar plus the appropriate antibiotic. L-agar is Luria Broth(LB, 52) 
with 1.5% agar. Antibiotic concentrations were as follows: Ap,
50ug/ml; Kn, 50jug/ml; Cm, 50ug/ml(200jug/ml for plasmid amplification); 
Tc, lOug/ml.
Glyphosate(free acid form, 99.7% purity) and [3-^C]glyphosate 
were supplied by the Monsanto Chemical Co., St. Louis, Mo.
L-[^S]-Methionine, Cl-[ ̂ P]-dATP and a-[ ̂ S]-dATP were purchased fron 
New England Nuclear Research Products(Boston, MA). Dideoxy-NTPs were 
purchased from P. L. Biochemicals(Milwaukee, WI). Deoxy-NTPs were 
purchased from Boehringer Mannheim(Indianapolis, IN).
Restriction enzymes, T4 DNA ligase, and Klenow fragment of DNA 
polymerase I(PolIk) were purchased from New England Biolabs(NEB, 
Beverly, MA) or Bethesda Research Laboratories(BRL, Rockville MD).










K802 hsdR2, mcrBl, mcrA NEB 88
LC3 hsdR::Tn5(Tcr), aroA Calgene 16
AB2847 aroB351 B. Bachman 60
AB2849 aroC355 B. Bachman 60
AB2848 aroD352 B. Bachman 60
AB3257 aroG365, aroH367, aroF363 B. Bachman 86
AB2834 aroE353 B. Bachman 60
CSR603 recA, uvrA6, phr-1 B. Bachman 67
NM522 d(lac-pro), F'lacZdM15 
lacl^*, hsdd5
Lab Stock 36
NM538 hsdR, supF Lab Stock 32
NM539 hsdR, (P2cox3) Lab Stock 32
NM519 sbcA, recBC, hsdR Lab Stock 36
DH5-OI hsdR, recAl, d(argF-lacZYA) 
U169,080dlacZdMl5
BRL 43
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Table 2





Source Re f e rence
Plasmids
pACYC184 Cmr Tcr Lab Stock 12
pUC19 Apr Lab Stock 89
pKT230 Knr Str Lab Stock 31
pUC-4K Apr Knr Pharmacia 83
pKK223-3 Apr,Ptac,rrnB T^T0 R. Cardin 33
Phages
M13mpl8 Vector for Sequencing Lab Stock 89
M13mpl9 Vector for Sequencing Lab Stock 89
EMBL3 Cloning Vector Lab Stock 32
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Seachem LE agarose was purchased from FMC Corporation(Rockland, 
ME). Acrylamide, bisacrylamide, urea, glycine, TEMED, and ammonium 
persulfate were purchased from Bio-Rad Laboratories(Richmond, CA) and
all were electrophoresis purity reagents.
Plasmid and Phage DNA Preparations
Plasmid minipreps were done according to the method of Birnboim 
and Doly(5) with modifications. Cells containing plasmids were spread 
over the surface of an L-agar plate containing the appropriate
antibiotic in order to create a circle of confluent growth about 3-4cm
in diameter after overnight incubation at 37°C. The cells were
scraped from the plate using a sterile toothpick and suspended in 
llOul of a solution of 25mM Tris-HCl(pH 8.0) containing 5mM glucose,
lOraM EDTA, and 2mg/ml lysozyme. The cells were incubated at room
temperature for 5rain in this solution. 220ul of 0.2N NaOH, 1% SDS was
added. After incubation for 5min on ice, 165ul of acetate buffer, 
containing 3M sodium acetate and enough glacial acetic acid to lower 
the pH to 5.2, was added. Incubation on ice was continued for another 
lOmin and the tubes were centrifuged for 5rain. The supernatant was 
decanted into another tube, 1ml of ice cold ethanol was added and the 
tubes were placed at -70°C for 30min. Plasmid DNA was pelleted by 
centrifugation for lOmin, washed with 1ml 80% ethanol, dried under
vacuum and resuspended in 40ul of lOmM Tris-HCl(pH 8.0) containing IraM 
EDTA(TE).
Large scale cesium chloride plasmid preparations were done 
according to the method of Guerry et al.(37) after amplification with
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chloramphenicol(14) where possible. For preparation of replicative 
form(RF) M13 DNA a single plaque was stabbed with a sterile toothpick 
which was then placed into 2ml of a 1:50 dilution of an overnight 
culture of IS. coli strain NM522. The culture was grown for 7hrs at 
37°C with shaking and the cells were pelleted by centrifugation at 
6000rpm for 15min in a Sorvall GSA rotor(DuPont Instruments, 
Wilmington DE). This lysate(0.5ml) was added to 1L of a 1:50 dilution 
of an overnight culture of NM522 and the culture was incubated with 
shaking at 37 ° C for 6-7hrs. Cells were then pelleted by 
centrifugation at 6000rpm for lOmin in a Sorvall GSA rotor. Cesium 
chloride purified RF DNA was isolated from the cells using the 
procedure for purification of plasmid DNA referred to above.
Lambda DNA was prepared using the method of Silhavy et al.(74). 
To prepare a lysate, 20ml of an overnight culture of IS. coll strain
QNM519 were mixed with about 5 X 10 phage and the mixture was 
incubated at room temperature for 5min to allow for phage adsorption. 
The mixture was added to 1L of L-broth containing lOmM MgS0^# The 
culture was shaken vigorously at 37°C for 5-8hrs. When lysis was 
evident, NaCl was added to 0.5M. One ml of chloroform was added and 
the culture was shaken for another 5min. The lysate was centrifuged 
at 6000rpm for lOmin in a Sorvall GSA rotor to remove cell debris. 
The supernatant was then decanted into a fresh container. In order to 
precipitate the phage, polyethylene glycol(PEG) 6000 was added to 
10%(w/v) and the lysate was shaken until the PEG was dissolved. The 
lysate was then placed on ice for 60min and the precipitate was 
collected by centrifugation at 6000 X g for lOrain at 4°C. The pellet
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was resuspended in 5ml of 50mM Tris-HCl(pH 7.5) lOmM MgSO^(xM). This 
suspension was extracted with an equal volume of chloroform and the 
aqueous layer was transferred to ultracentrifuge tubes containing a 
glycerol step gradient of equal volumes of 40% and 5% glycerol. After 
centrifugation at 35,OOOrpm in a Beckman SW41 rotor(Beckman
Instruments, Inc., San Ramon, CA) for 60min at 4°C the supernatant was 
discarded and the pellet was resuspended in 1ml of TM. RNase A and 
DNase I were added to lOug/ml and lug/ml, respectively, and a solution 
of 0.5% SDS, 50mM Tris-HCl(pH 7.5), 0.4M EDTA and proteinase
K(lmg/ml)(STEP buffer, 74)was added to 0.2 final volume. This mixture
was heated at 50°C for 15min and extracted with an equal volume of 
phenol. The aqueous layer was then extracted three times with an
equal volume of ether. This DNA solution was drop dialyzed(74) 
against TE prior to use.
Competent Cell Preparation and Transformation Procedure
Cells were made competent by growing cultures in LB to an optical 
density at 600nm of 0.3. They were then placed on ice for 5rain and 
collected by centrifugation. The cells were then resuspended in 0.1M 
MgCl2  at one half the original volume and incubated on ice for 30min. 
The cells were again collected by centrifugation and resuspended in 
0.1M CaCl2  containing lOmM Tris-HCl(pH 8.0) at one half the original 
volume. The cells were incubated on ice for 15rain and again collected 
by centrifugation. They were then resuspended in 0.1M CaCl9 
containing lOmM Tris-HCl(pH 8.0) at one fifteenth the original volume. 
For cryogenic preservation of the competent cells, sterile glycerol
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was added to 15%, the cells were divided into 200ul portions in ice 
cold eppendorf tubes and stored at -70°C.
For transformations, plasmid DNA was added to 200jil of competent 
cells and the cells were incubated on ice for 30min. The cells were 
then heat shocked at 42°C for 2min. One ml of LB was added and the 
cells were incubated at 37 °C for lhr and plated on the appropriate 
medium.
Chromosomal DNA Preparations
Chromosomal DNA was prepared from Pseudomonas sp. strain PG2982 
according to the method of Silhavy et al.(74). Overnight 
cultures(200ml) were centrifuged at 2000rpm for 20min in a Sorvall GSA 
rotor and the cells were resuspended in 10ml of 50mM Tris-HCl(pH 8.0) 
50mM EDTA and frozen at -20°C. One ml of lOmg/ml lysozyme in 0.25mM 
Tris-HCl(pH 8.0) was then added to the cells. When just thawed they 
were placed on ice for 45min. Two ml of STEP buffer(74) was added and 
the mixture was heated for 60min at 50°C with occasional mixing. The 
mixture was extracted with 12ml of phenol and the aqueous layer was 
transferred to a clean tube. A 0.1 volume of acetate buffer(pH 
5.2)was added followed by 2 volumes of ethanol and the precipitating 
DNA was spooled out on a glass pipette. The DNA was dissolved in 10ml 
50mM Tris-HCl(pH 7.5) ImM EDTA, 200ug/ml RNase A. The solution was 
extracted again with phenol and precipitated with ethanol and the DNA 
was again spooled out and dissolved in 2ml 50mM Tris-HCl(pH 7.5) ImM 
EDTA.
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Restriction Enzyme Digests of DNA and Electrophoresis
Routine restriction enzyme digests of DNA were done in lOul 
volumes in the appropriate React buffers(BRL, Rockland, MD) using lug 
of DNA. Digestion temperatures and durations were as specified by the 
enzyme manufacturer. Two ul of dye mix consisting of 0.25% bromphenol 
blue, 0.25% xylene cyanol FF, and 15% ficoll type 400 were added to 
the digestions prior to electrophoresis. Samples were loaded onto 
horizontal 0.7% agarose gels prepared in TBE buffer(49). The gels 
also contained 0.lug/ml of ethidium bromide(EtdBr). Electrophoresis 
was carried out at 75 volts until the dye had migrated an appropriate 
distance for viewing the relevant DNA fragments. Standard molecular 
weight markers were generated by digestion of lambda DNA with Hindlll. 
For DNA fragments of a smaller size(about 500-2000bp) lambda DNA 
digested with BstElI was used to generate molecular weight markers.
For subcloning of DNA fragments into M13 vectors, preparative 
vertical polyacrylamide gels were run. Ten ug of DNA were cut with 
the appropriate amount of enzyme and dye mix was added. Samples were 
loaded onto 6% polyacrylamide-0.3% bis-acrylamide gels prepared in TBE 
buffer consisting of 0.089M Tris base, 0.089M boric acid, 0.01M 
EDTA(49). Electrophoresis was carried out at 110 volts until the dye 
front had migrated appropriately. The gels were stained in a solution 
of EtdBr(lug/ml) for 20 minutes and destained in deionized water for 
15 minutes before viewing with UV light at 302nm. Gel slices 
containing DNA fragments to be subcloned were placed into test tubes, 
crushed with a metal spatula and soaked overnight at 37°C in low salt
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buffer consisting of 0.2M NaCl, 20mM Tris-HCl(pH 7.5) and l.OraM EDTA. 
The fragments were further purified using ELUTIP-d columns(Schleicher 
and Schuell, Inc., Keene, NH) according to the manufacturer 
instructions before being ligated into the appropriate M13 vector. 
Molecular weight markers were the pGEM markers purchased from Promega 
Biotech(Madison, WI).
Sequencing gels consisted of 6% polyacrylamide-0.3% 
bis-acrylamide, 8M urea, in TBE buffer. The gels were cast in an 
apparatus fitted with wedged spacers(3). Running buffer was TBE(IX) 
and the gels were run at 45 watts(50 C). Gels were fixed in 10% 
methanol, 10% acetic acid in water for 15min before being transferred 
to 3mm paper(Whatman Inc., Clifton, NJ) and dried at 80°C on a Bio Rad 
gel dryer. Autoradiography was performed on the gels using Kodak 
XAR5(Eastman Kodak Co., Rochester, NY) or Cronex-4(E. I. DuPont De 
Nemours and Co., Inc., Wilmington, DE) X-ray film.
For analysis of proteins produced by the expression vector 
pKK223-3 and its derivative containing the gene from Pseudomonas sp. 
strain PG2982, pKK12, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis(SDS-PAGE) was performed according to the procedure of 
Laemrali(46). The polyacrylamide concentration was 15%(0.4% 
bis-acrylamide) and the gel was run at 12.5mA until the bromphenol 
blue dye had run off the bottom of the gel. The gel was then stained 
with coomassie blue for lhr, destained overnight and photographed. 
Molecular weight markers were prestained high molecular weight range 
markers purchased from BRL(Rockville, MD).
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DNA Hybridizations
DNA fragments separated on 0.7% agarose gels were transferred to 
nitrocellulose membrane filters according to the method of 
Southern(77). Filters were sealed in plastic bags with 20ml of 
hybridization buffer consisting of 50% formamide, 4X SSC[35.1g NaCl, 
15.48g sodium citrate in one liter(pH 7.0); 49], and IX Denhardts
solution(0,lg Ficoll, O.lg polyvinylpyrrolidone, O.lg bovine serum 
albumin in 500ml; 49). For less stringent conditions, the
hybridization buffer consisted of 50% formamide, 10% dextran sulfate, 
1% SDS and 1M NaCl(74). The bags were shaken at 37°C for not less
than 30min. Probes were nick translated by the method of Rigby et
al.(63) and heated in a boiling water bath for lOmin with enough
sonicated calf thymus DNA to make a 25ug/ml concentration when added 
to the hybridization buffer in ':he bag. The probe was then cooled on 
ice. Before adding the probe to the bag the hybridization buffer was 
discarded and fresh buffer was added with the probe. Hybridizations 
were carried out at 37°C overnight. The filters were then subjected 
to two 30min washes in hybridization buffer and three 5min washes in 
2X SSC. They were then air dried, attached to a sheet of 3MM paper, 
covered with plastic wrap and autoradiographed using Cronex-4 x-ray 
film.
For plaque hybridizations, the phage were plated on BBL agar 
plates consisting of lOg BBL Trypticase Peptone(BBL Microbiology 
Systems, Cockeysville, MD), 5g NaCl, lOg agar and one liter of water. 
Top agarose was 0.7g Seachem LE agarose(FMC Corporation, Rockland, ME)
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in 100ml of water. Plaque hybridizations were done by the method of 
Silhavy et al.(74).
Maxicell Preparations
E. coll strain CSR603(67) was used for -^S-labeling of plasmid 
encoded proteins using the maxicell technique. Ten ml cultures were 
grown in M63 medium plus supplements and antibiotics and UV irradiated 
according to the method of Silhavy et al.(74). Cycloserine was added 
to a final concentration of 200ug/ml and the cultures were incubated 
overnight at 37°C. Another 200ug/ml of cycloserine was added and the 
cultures were incubated for lhr at 37°C. The cells were washed twice 
in 10ml of IX M63 salts and resuspended in 1ml M63 medium plus
O C
supplements and antibiotics. Five microliters of L-[ S]-
methionine(specific activity, 1350 Ci/mmol) were added and the cells 
were incubated at 37°C for 5min. The cells were then washed twice 
with IX M63 salts and resuspended in lOOul of 2X loading buffer(74). 
Samples of 25nl were diluted 1:1 in 2X loading buffer and loaded onto 
SDS-polyacrylamide gels. Molecular weight markers were the prestained 
high molecular weight range markers available from BRL(Rockville, MO). 
Gels were run at 12.5mA until the bromphenol blue had reached the 
bottom of the gel. The gels were then transferred to 3MM paper and 
dried at 80°C on a Bio-Rad gel drier. Autoradiography was performed 
using Cronex or Kodak XAR5 film.
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DNA Sequencing
For sequencing, DNA was subcloned into M13mpl8 or M13mpl9(89), 
Recombinant phage were identified as white plaques when plated on 
strain NM522 in the presence of 30yl of X-gal(20mg/ml in 
N,N-dimethylforraamide) and 2Qul of the inducer TMG(24mg/ml). Single 
stranded template DNA was prepared from Ml3 lysates by the method of 
Gough and Murray(36). Sequencing was done by the method of Sanger(68) 
or using the recommended procedures with the Sequenase DNA sequencing 
kit(United States Biochemical Corporation, Cleveland, OH). Both 
methods utilized the universal Ml3 primer(83). For sequencing through 
areas which did not contain convenient restriction sites for 
subcloning, oligonucleotide primers were synthesized.
Glyphosate Breakdown and Uptake Assays
To assay for the breakdown of glyphosate by cultures containing 
DNA from PG2982, cells were grown to mid-log phase in M63 broth plus 
appropriate supplements and antibiotics. They were then concentrated 
20-fold and [3-^C]glyphosate was added to a final concentration of 
ImM. Cells were then incubated at room temperature with constant 
shaking. Samples were removed periodically and the radioactivity was 
measured by liquid scintillation using a Beckman LS6800 scintillation 
counter.
^C-Glyphosate uptake assays were performed according to the 
method of Fitzgibbon and Braymer(30).
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TLC
After incubation with [3-^C]glyphosate, supernatants were 
spotted onto cellulose TLC plates(Brinkmann Instruments, Inc., 
Westbury, NY). The plates were chromatographed in solvent system I of 
Sprankle et al.(78) consisting of ethanol:water:15N NH^OH:TCA:17N 
acetic acid(55:35:2.5:3.5g:2, v/v/v/w/v). To localize ^C-labeled
compounds on the TLC plates, consecutive 1cm lengths of the TLC plate 
lanes were scraped into numbered scintillation vials, 5ml 
scintillation cocktail were added, and the samples were counted on a 
Beckman LS6800 scintillation counter. Control lanes, spotted with 
glyphosate only, were cut from the gel and glyphosate was visualized 
by spraying the plate uniformly with a 1% ninhydrin solution in 
ethanol and heating at 60°C for lOmin. The position of the glyphosate 
spot on the plate could then be correlated with peaks of radioactivity 
from the labeled samples.
Lambda Library Construction
A lamda library of PG2982 DNA was constructed in the vector 
EMBL3. EMBL3 DNA was digested to completion with EcoRl. PG2982 DNA
was partially digested with EcoRl and the EcoRl fragments were ligated 
into the vector using a 3:1 ug ratio(vector:insert). The resulting 
phage were packaged using the recommended procedure with the Packagene 
lambda DNA packaging system(Promega Biotec, Madison, WI). The library 
was amplified in E. coli strain K802 by the method of Silhavy et 
al.(74). The percentage of recombinant phage in the lysates was
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estimated by the difference in plating efficiency between strain NM538 
and the P2 lysogen NM539. For plaque hybridizations, the library was 
plated on _E. coli strain NM519.
Lytic Complementation
Lytic complementation assays were done by the method of Silhavy 
et al.(74) with appropriate modifications. To attempt isolation of 
the C-P lyase gene, phage were used to infect 15. coli strain K802, 
infected cells were washed three times in minimal media without 
phosphorus and plated on ImM glyphosate plates plus aromatic amino 
acids. To attempt isolation of the aroA gene, phage were used to 
infect 15. coli strain LC3 and were plated on M63 plates.
Glyphosate Resistance Assays
Two methods were used to assay for glyphosate resistance. In the 
first, overnight cultures of the strains to be assayed were grown in 
M63 broth containing the appropriate supplements and antibiotics. 
These cultures were used to inoculate 20ml flasks of M63 broth with 
appropriate supplements and antibiotics plus glyphosate. Optical 
density at 600nm(0,D.^QQ) was then monitored. In the second method, 
the overnight cultures were used to inoculate 20ml flasks of M83 broth 
with the appropriate supplements and antibiotics. Optical density at 
600nm was monitored until the cultures reached an optical density of 
approximately 0.250. Glyphosate was then added to the cultures and 
0*D»6oo was monitored.
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Computer Analysis
Computer analysis of the nucleic acid sequence of the gene from 
Pseudomonas sp. strain PG2982 and the deduced amino acid sequence of 
the protein encoded by this gene was performed using the University of 
Wisconsin Genetics Computer Group(UWGCG) software described by 
Devereux et al.(22). The program TARGSEARCH was used to search for 
promoter sequences upstream of the translational start site for the 
PG2982 gene. This program locates potential promoter sequences on the 
basis of their similarity to the consensus sequence for E. coli 
proraoters(55).
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RESULTS
ATTEMPTS TO ISOLATE THE C-P LYASE GENE
Several attempts were made to isolate the gene encoding the C-P 
lyase of PG2982. This gene is responsible for the production of an 
enzyme capable of converting glyphosate to sarcosine and Pi(73). It 
allows the utilization of glyphosate as a phosphorus source by PG2982.
The first attempts to clone this gene were made by ligating 
random fragments of PG2982 chromosomal DNA into plasmids and selecting 
for utilization of glyphosate as a phosphorus source. Chromosomal DNA 
from PG2982 was digested and ligated into plasmid DNA digested with 
the same enzyme. The resulting ligation mixtures were used to 
transform E. coli cells. The cells were washed twice in minimal media 
without phosphorus and plated on media containing glyphosate as the 
sole source of phosphorus. Plates also contained aromatic amino acids 
in order to prevent glyphosate inhibition of the E. coli EPSPS. 
Despite several attempts, the gene for C-P lyase could not be isolated 
by this method.
When the transformants were plated on L-agar containing the 
appropriate antibiotic to select only for the plasmid marker, very 
few(approximately 10%) of the isolated plasmids contained PG2982 DNA. 
These inserts were usually lkb or smaller. However, the frequency of 
insertion was significantly higher(50-7 0% depending on the 
vectortinsert ratio) when the Mcr strain K802(61,88) was used. 
Inserts from 1 to lOkb were routinely isolated. The mcr genes of IS. 
coli code for restriction enzymes capable of degrading DNA containing
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5-methylcytosine residues(61). Therefore, PG2982 probably modifies 
its DNA in this fashion.
However, even when K802 was used as the recipient strain and 
several different enzymes were used as well as several different 
plasmids, none of these procedures resulted in the isolation of Ê. 
coli cells capable of utilizing glyphosate as a sole phosphorus 
source.
In addition, a lytic complementation procedure was also used. 
This procedure was designed to isolate recombinant phage carrying the 
gene for C-P lyase. A lambda library of PG2982 chromosomal DNA was 
constructed in the vector EMBL3 and amplified by plating on K802 in 
order to avoid Mcr restriction. The library was used to infect strain 
K802. Infected cells were washed three times in minimal media lacking 
a phosphorus source. They were then plated on minimal plates 
containing ImM glyphosate as a phosphorus source plus aromatic amino 
acids. Enough K802 cells were included to give a slight lawn of 
bacteria even in the absence of growth. If the phage expressed C-P 
lyase, the cells could then utilize glyphosate as a source of 
phosphorus, growth would occur, and a plaque would result. Despite 
three separate screenings of the library, plaques were not found and 
recombinant phage containing the gene for C-P lyase could not be 
isolated.
ATTEMPTS TO ISOLATE THE aroA GENE OF PG2982
The lytic complementation method was also used to attempt the 
isolation of phage carrying the aroA gene of PG2982. In this case the
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library was used to infect the aroA mutant LC3(16). Since the library 
had been amplified on strain K802, Mcr restriction would no longer 
take place. Recombinant phage expressing the aroA gene should 
complement the mutation and allow cell growth and plaque formation to 
occur. Phage of this type were not isolated by this method after 
three separate screenings of the library.
This library was also screened using the plasmid pM0N4, which 
contains the E. coli aroA gene, as a hybridization probe. Although 
this probe does not hybridize to genomic digests of PG2982 DNA under 
stringent or non-stringent conditions(data not shown), it was thought 
that it might hybridize slightly to a plaque in which the phage DNA 
had been amplified several thousand-fold. No plaques were found to 
hybridize to the probe after screening of the library under stringent 
as well as non-stringent conditions.
Attempts were also made to isolate the aroA gene from PG2982 by 
ligating fragments of the PG2982 chromosomal DNA into plasmid vectors, 
transforming E. coli strain LC3 with the ligations, and screening for 
complementation of the mutant by plating on M63 plates. These 
attempts were not successful, probably due to the Mcr+ phenotype of 
LC3.
ISOLATION OF pPG2.4
Since PG2982 DNA could not be directly screened for 
complementation of the aroA mutation in LC3 due to Mcr restriction, 
plasmids containing inserts capable of increasing the glyphosate 
resistance of strain K802 were selected. Chromosomal DNA from PG2982
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was partially digested with EcoRl and the resulting fragments were
ligated into the EcoRl site of pACYC184. These ligations were used to
transform E. coli strain K802. After transformation, the cells were
washed twice in M63 salts and placed into flasks containing 20ml of
M63 broth plus 2mM glyphosate. One of these cultures appeared to grow
faster than a control culture containing K802 with the vector plasmid,
pACYC184. Ttiis culture was streaked onto an L-agar plate containing
tetracycline(L-tet) and Birnboim plasmid minipreps were done using six
of the isolated colonies from the L-tet plate. Three of the plasmids
contained the same EcoRl insert of approximately 2.4kb. To be sure
that a chromosomal mutation was not responsible for this activity the
plasmid DNA containing this insert was used to retransform K802 cells
to tetracycline resistance. These cells were then used to assay for
increased glyphosate resistance by following growth at O*D*600nm *n
M63 broth containing 2mM glyphosate. Figure 1 is a plot of the growth
curves of K802 containing pACYC184 and the plasmid containing the
insert, designated pPG2.4. For these growth studies, overnight
cultures were used to directly inoculate flasks containing 20ral of M63
broth plus tetracycline and 2mM glyphosate. In Figure 2, the
glyphosate is added after the cultures have grown to an O.D.,nr. ofoUU
about 0.250. Both figures show that the plasmid causes a substantial 
increase in glyphosate resistance when compared to the control culture 
containing only pACYC184. Several restriction sites were mapped on 
the insert contained in pPG2.4. Figure 3 is a map of pPG2.4 showing 
some of these sites.
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FIG. 1. Growth of K802 In the presence of glyphosate after 
transformation with pACYC184(A), pPG2.4(#) or pPG1.5(B). Overnight 
cultures, grown In M63 broth, were used to Inoculate 20ml flasks of 
M63 broth plus tetracycline and glyphosate(final concentration * 2mM) 
and growth was monitored.
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FIG. 2. Effect of glyphosate on the growth of K802 containing 
pACYC184 or pPG2.4. Overnight cultures, grown In M63 broth, were used 
to inoculate 20ml cultures of M63 broth plus tetracycline and growth 
of K802(pACYC184)(#) and K802(pPG2.4)(A) was monitored. After five 
hours(arrow) glyphosate(final concentration *■ 2mM) was added to 
duplicate cultures [K802(pACYC184)(O) and K802(pPG2.4)(A)] and growth 
was monitored.
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FIG. 3. Map of pPG2.4. Relevant restriction sites on the insert DNA 
from PG2982 are shown. The plasmid is a derivative of pACYC184.
Arrows indicate the location of the tetracycline resistance gene and 
the gene encoding the 33kDa hybrid protein. The N-terminal region of 
this protein is encoded by the pACYC184 gene for chloramphenicol 
resistance(cat).
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In order to be sure that this activity was not restricted to 
strain K802, the glyphosate resistance of strain DH5-0 containing this 
plasmid was also investigated. Figure 4 shows the results of a growth 
study similar to the one diagrammed in Figure 1 but instead of K802, 
DH5-0I is used as the host. This strain also displays an increase in 
glyphosate resistance when pPG2.4 is present.
MODE OF ACTION OF pPG2.4
Since pPG2.4 is able to confer an increase in glyphosate
resistance in _E. coli it is possible that the PG2982 DNA of pPG2.4
contains the aroA gene from PG2982. To test this possibility pPG2.4
was used to transform the aroA E. coli strain LC3. Transformants were
plated on M63 plates to check for complementation of the aroA
mutation. No growth was observed on the plates. In addition, pPG2.4
would not hybridize to the aroA gene from IJ. coli contained on the
plasmid pM0N4(data not shown).
Increased glyphosate resistance could also result if this DNA is
responsible for the ability to degrade glyphosate. In the breakdown
of [3-^C]-glyphosate by PG2982, approximately 50% of the label in
14this position is converted to CO^ resulting in a loss of
radioactivity from the culture(73). Therefore, log phase cultures of
K802(pACYC184) and K802(pPG2.4) were concentrated 20-fold in M63 broth
14and exposed to [3- C]-glyphosate. Neither culture displays a 
significant decrease in radioactivity even on prolonged incubation 
with the labeled glyphosate(see Figure 5). If this DNA does contain a 
gene responsible for glyphosate breakdown, the label in this position











FIG. 4. Growth of DH5-0 in the presence of glyphosate after 
transformation with pACYC184(0) or pPG2.4(®). Overnight cultures, 
grown in M63 broth, were used to inoculate 20ml flasks of M63 broth 
plus tetracycline and glyphosate(final concentration * 2mM) and growth 
was monitored.













FIG. 5. Ability of K802(pACYC184)(#) and K802(pPG2.4)(A) to break down 
glyphosate. Bacteria were grown to mid-log phase, concentrated 
20-fold and [3-^C]-glyphosate was added to ImM. 50ul samples were 
drawn periodically and radioactivity was measured.
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FIG. 6. TLC analysis of culture supernatants after incubation with 
[3-^C]-glyphosate. Bacteria were grown to mid-log phase, 
concentrated 20-fold and [3-^c]-glyphosate was added to ImM. After 
48hrs at room temperature with shaking, cells were pelleted by 
centrifugation. Samples(20ul) of each supernatant were spotted onto 
TLC plates and chromatographed until the solvent front had reached the 
top of the plate. The plate was dried and, starting at the bottom of 
the plate, consecutive 1cm samples were scraped from the plate into 
numbered scintillation vials. The radioactivity of each sample was 
then measured. (O) K802(pACYC184), (#)K802(pPG2.4). In control
lanes, the glyphosate spot appears at 8.5-9.5cm when visualized by 
spraying with ninhydrin and heating.
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is not converted to 14C02. Therefore, TLC analysis of the culture
14supernatant was carried out to determine if C-glyphosate was being
14converted to something other than C02 which remains in the medium.
Figure 6 shows that the distribution of radioactivity on the TLC plate
is the same for both cultures with virtually all of the counts
associated with glyphosate.
If cells containing pPG2.4 were able to break down glyphosate
they should be able to utilize glyphosate as a phosphorus source.
When minimal broth without phosphorus plus tetracycline and aromatic
amino acids was inoculated with K802(pACYC184) and K802(pPG2.4),
neither culture grew. Therefore, glyphosate probably cannot be broken
down by K802(pPG2.4).
The glyphosate resistance of cells containing pPG2.4 would be
expected to increase if this DNA confers the ability to exclude
glyphosate from the cell. This possibility was also tested. Cells
were grown to mid-log phase in M63 broth plus tetracycline and
concentrated 2-fold. ^C-glyphosate was added to a final
concentration of ImM and lOOul samples were drawn periodically. The
samples were filtered and washed with 5ml M63 broth. Radioactivity
measurements of the dried filters indicate that glyphosate uptake is
similar in K802(pPG2.4) and K802(pACYC184) (see Figure 7).
2+Since glyphosate is known to inhibit Co requiring enzymes by
its ability to chelate Co^+(6,25,45,66), it is possible that pPG2.4
contains a gene from PG2982 coding for an enzyme which is less 
2+sensitive to Co than its E. coli counterpart. In this case the 
K802(pACYC184) culture would be affected by glyphosate inhibition of














FIG. 7. Glyphosate uptake by K802(pACYC184)(A) and K802(pPG2.4)(#). 
Bacteria were grown to mid-log phase, concentrated 2-fold and 
l^C-glyphosate was added to ImM. Samples were drawn periodically,
filtered, washed and radioactivity was measured.
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EPSPS and inhibition of the Co^+ requiring enzyme. The K802(pPG2.4)
culture would only by affected by the inhibition of EPSPS. In order
to test this, growth studies of K802(pACYC184) and K802(pPG2.4) were
again carried out. In these studies, CoC^ was added to the
cultures(final concentration = 0.24ug/ml) at the same time that
glyphosate was added. Figure 8 shows the results of these 
2+experiments. Co seems to have no effect on either culture.
SUBCLONING OF THE EcoRl FRAGMENT OF pPG2.4 INTO OTHER PLASMIDS
In an attempt to further increase glyphosate resistance the EcoRl 
insert from pPG2.4 was subcloned into the EcoRl site of the high copy 
plasmid pUC19. pUC19-3-l and pUC19-4-2 contain the insert in opposite 
orientations. It was thought that this would result in more copies of 
the gene(s) on the PG2982 DNA fragment and therefore increased 
expression of the proteins responsible for the glyphosate resistance 
found in cells containing pPG2.4. However, when assayed, these 
cultures did not show any increase in resistance and, in fact, showed 
a decrease in glyphosate resistance(Figure 9). This was true 
regardless of the orientation of the insert. The glyphosate resistant 
phenotype also could not be induced by induction of the lac promoter 
with IPTG, regardless of the orientation of the insert(data not 
shown).
The insert was also subcloned into the EcoRl site of the broad 
host range plasmid pKT230. When assayed, this culture also displayed 
a lower level of glyphosate resistance than cells containing the 
parent plasmid, pKT230(data not shown).











FIG. 8. Effect of Co^+ on the glyphosate resistance of K802(pACYC184) 
and K802(pPG2.4). Overnight cultures, grown In M63 broth, were used 
to inoculate 20ml cultures of M63 broth plus tetracycline and growth 
of the cultures was monitored. After 4hrs, glyphosate was added to a 
final concentration of 2mM(arrow) and incubation of K802(pACYC184)(D) 
and K802(pPG2.4)(O) was continued. In addition to glyphosate, a 
duplicate set of cultures, K802(pACYC184)(® and K8O2(pPG2.4)(0) also 
received C0 CI2  to a final concentration of 0.24ug/ml.








FIG. 9. Growth of K802 In the presence of glyphosate after 
transformation with pUC19(#), pUC19-3-l O  or pUC19-4-2(^. Overnight 
cultures, grown in M63 broth, were used to inoculate 20ml flasks of 
M63 broth plus ampicillin and glyphosate(final concentration = 2mM) 
and growth was monitored.
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Since the increase in glyphosate resistance conferred by pPG2.4 
was not observed when the insert was cloned into pUC19 and pKT230, it 
was possible that a transcriptional or translational fusion had been 
formed when the fragment was originally cloned into pACYC184 and that 
this was responsible for the activity seen in pPG2.4. Additional 
evidence for this was found when a 1.5kb Sail fragment from the PG2982 
DNA of pPG2.4 was cloned into pACYC184 and also failed to confer any 
increase in glyphosate resistance(see Figure 1, pPG1.5). This
indicated that DNA flanking this Sail fragment and near the end of the 
EcoRI insert of pPG2.4 is necessary for the increase in resistance. 
In order to test this, pPG2.4 was digested with EcoRI, religated, and 
the ligations were used to transform K802 to tetracycline resistance. 
Plasmid minipreps were done on several colonies and one was found to 
have the insert in the opposite orientation from pPG2.4. This 
plasmid(pPG2.4-IV) did not confer any increase in glyphosate 
resistance(Figure 10) confirming the presence of the suspected fusion. 
Since a transcriptional fusion should have shown activity when one of 
the pUC19 clones was induced with IPTG, this activity was thought to 
be the result of a translational fusion formed with the cat gene of 
pACYC184.
PRODUCTION OF A HYBRID PROTEIN FROM pPG2.4
The maxicell procedure was used to demonstrate the production of
protein by pPG2.4 and pPG2.4-IV. Samples from the maxicell procedure
were run on an SDS-15% polyacrylamide gel. After autoradiography of 
35the dried gel, S-labeled proteins could be visualized. As shown in











FIG. 10. Growth of K802 In the presence of glyphosate after 
transformation with pACYC184(|), pPG2.4(#), or pPG2.4-IV)(A).
Overnight cultures, grown in M63 broth, were used to inoculate 20ml 
flasks of M63 broth plus tetracycline and glyphosate(final 
concentration * 2mM) and growth was monitored.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Figure 11, the vector, pACYC184, produces a protein of about 22kDa(the 
cat gene product) and another of about 37kDa(the tet gene product). 
pPG2.4 does not produce the cat gene product, the PG2982 DNA insert 
has been ligated into the EcoRI site within this gene, but instead 
produces a protein of about 33kDa. This protein is not produced when 
the EcoRI fragment of pPG2.4 is inverted(pPG2.4-IV) indicating that 
this protein is indeed the result of a transcriptional or 
translational fusion.
LOCALIZATION OF THE CODING REGION OF pPG2.4
If a translational fusion had ocurred during the construction of 
pPG2.4, the coding region would extend Into the insert from one of the 
EcoRI ends. Since the orientation of the cat gene within pACYC184 was 
not available it was not known which end of the insert contained the 
coding region. To determine this, a kanamycin resistance cloning 
cartridge from the plasmid pUC-4K was inserted into two restricion 
sites near the ends of the insert. The cartridge was placed into the 
XmnI site approximately 200bp from one end of the EcoRI insert in the 
plasmid pPGX98. The plasmid pPGP83 contains the cartridge inserted 
into the PstI site approximately 940bp from the opposite end of the 
insert(see Figure 12). When assayed for increased glyphosate 
resistance, K802 cells containing these plasmids showed a higher level 
of resistance than K802(pACYC184). However, the resistance was not as 
high as K802(pPG2.4) (Figure 13). Maxicell preps of each of these 
plasmids has shown that both express the 33kDa protein expressed by 
pPG2.4 in addition to the kan gene product of 27kDa(Figure 14). Since
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FIG. 11. Autoradiography of SDS-polyacrylamide gel showing plasmid
35encoded proteins labeled with S-L-methionine using a maxicell 
procedure. Lanes: 1, pACYC184; 2, pPG2.4; 3, pPG2.4-IV; 4 and 5, 
pPG2.4. The position of the 33kDa hybrid protein is marked by the 
arrow.
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FIG. 12. Maps of pPGP83 and pPGX98. Maps show the position of the 
kanamycin cartridge(Kan). The arrow shows the position of the coding 
region for the 33k.Da fusion protein which is not Interrupted In either 
of the plasmids. In the construction of pPGX98, the XmnI site In the 
PG2982 DNA was eliminated and Is not shown.










FIG. 13. Growth of K802 in the presence of glyphosate after 
transformation with pACYC184(#), pPG2.4(0)» pPGP83(», or pPGX98(A). 
Overnight cultures, grown in M63 broth, were used to inoculate 20ml 
flasks of M63 broth plus tetracycline and glyphosate(final 
concentration ■= 2mM) and growth was monitored.
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FIG. 14. Autoradiography of SDS—polyacrylamide gel showing plasmid 
encoded proteins labeled with ^ S —L—methionine using a maxicell 
procedure. Lanes: 1, pACYC184; 2-4, pPG2.4; 5, pPG2.4-IV; 6, pPGP83; 
7, pPGX98. The position of the 33kDa hybrid protein is marked by the 
arrow.
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pPGX98 had the cloning cartridge 200bp from the end of the insert, the 
coding region probably would have been disrupted by the cartridge if 
the protein fusion ocurred at this end of the insert. However, in 
pPGP83 the cartridge is 940bp from the end of the insert which leaves 
enough DNA to code for a significant amount of protein. Therefore, 
the coding region is probably located at this end of the insert.
ISOLATION OF LAMBDA CLONES WHICH HYBRIDIZE TO pPG2.4
Since pPG2.4 does not contain an entire gene from PG2982, the 
PG2982 lambda library was screened for hybridization to 
pUC19-4-2(plasraid pUC19 containing the EcoRI insert from pPG2.4) in 
order to find lambda clones carrying the entire gene. Positive 
plaques were purified and confirmed by rehybridization. One lambda 
clone which hybridized very strongly to pUC19-4-2 was found( APG2). 
APG6 did not hybridize as well as APG2 but the hybridization was quite 
strong. APG4 shows slight hybridization to the probe as do two other 
phages(see Figure 15).
DNA was purified from APG2 and APG6. A southern hybridization 
was done on EcoRI or Sail digested DNA from the two phage along with 
EcoRI or Sail digested PG2982 chromosomal DNA after electrophoresis of 
the fragments through an agarose gel. The probe hybridized to four 
fragments in the EcoRI digested PG2982 DNA, one of which was the 2.4kb 
fragment originally cloned in pPG2.4(Figure 16). The three others 
were approximately 10.0, 2.2 and 2.1kb in length. XPG2 was shown to 
contain the 2.4 kb fragment while APG6 contains the lO.Okb fragment. 
APG4 probably contains one or both of the other two fragments which
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FIG. 15. Hybridization of pUC19-4-2 to purified plaques isolated 
after screening of the PG2982 library. A.PG2, APG6, and XPG4 all 
hybridize to some extent with the probe. The negative control(-) is 
EMBL3.
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hybridize to pUC19-4-2. The possibility that PG2982 sequences were 
hybridizing to sequences present on the pUC19 vector was ruled out due 
to the fact that pM0N4, a pKC7(62) derivative containing all of the 
sequences present in pUC19 except the multiple cloning site, will not 
hybridize to genomic digests of PG2982(data not shown).
Since the lambda library was made using a partial EcoRI digest of 
PG2982 DNA, it was necessary to confirm that the EcoRI fragments in 
XPG2 had not been scrambled during the construction of the library but 
actually lie adjacent to one another on the PG2982 chromosome. If the 
DNA had been scrambled during the cloning of APG2 the probe would 
hybridize to at least one Sail fragment of phage DNA that it would not 
hybridize to in the PG2982 chromosomal DNA. Figure 16 shows that the 
probe hybridizes to three Sail fragments from APG2. It also 
hybridizes to three fragments of similar size in the chromosomal DNA. 
XPG6 also did not contain any Sail fragments which did not hybridize 
in the Sail chromosomal digest. Thus, it appears that the DNA of APG2
and APG6 has not been rearranged during the cloning of the two phage.
RESTRICTION MAPPING AND SUBCLONING FROM THE LAMBDA CLONES
Several restriction sites were mapped on the insert contained in 
>PG2. Relevant sites are shown in Figure 17. A large BamHI fragment 
was found to contain the entire EcoRI fragment from pPG2.4. This 
fragment(approx. 9.0kb) was subcloned into pACYC184. The resulting 
plasmid(pPG33) did not produce any increase in glyphosace resistance
in strain K802(see Figure 18). However, it was thought that a better
comparison of glyphosate resistance could be made if the two plasmids
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FIG. 16. Hybridization of pUC19-4-2 to chromosomal DNA isolated from 
PG2982 and phage DNA prepared from phage isolates \PG2 and XPG6. 
Lanes: 1, PG2982 DNA digested with EcoRI; 2, PG2982 DNA digested with 
Sail; 3, PG2 DNA digested with EcoRI; 4, PG2 DNA digested with Sail; 
5, PG6 DNA digested with EcoRI; 6, PG6 DNA digested with Sail.














FIG. 17. Map of XPG2 DNA showing the DNA contained In pPG33, pPG2.4 
and pPG146. XPG2 contains about 16kb of PG2982 DNA. The BamHI Insert 
of pPG33 is about 9.0kb which includes the EcoRI Insert of pPG2.4. 
The PstI fragment of pPG146 is about 2kb.
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being compared were closer in size. Therefore, it was necessary to 
clone a smaller fragment of DNA containing the coding region of the 
suspected gene. Use of the kanamycin cloning cartridge had shown that 
the coding region of pPG2.4 is located between the EcoRI site at the 
end of the insert and an internal PstI site(see Figure 12). A 2000bp 
PstI fragment was found to contain the entire coding region from 
pPG2.4 in addition to 1050bp upstream of this region. This fragment 
was cloned into the plasmid vector pUC19 and was designated pPG146. 
Figure 19 is a map of pPG146.
Another BamHI fragment of approximately 8.0kb was subcloned from 
APG6 into pACYC184. This fragment contained the entire region of a PG6 
which hybridized to the probe. Interestingly, this plasmid(pPG642) 
was able to confer a slight increase in glyphosate resistance in 
strain K802(Figure 20). In fact, ImM glyphosate seemed to have no 
effect on the growth of K802(pPG642). However, this plasmid is also 
unable to complement the aroA mutation of LC3 and does not confer the 
ability to utilize glyphosate as a phosphorus source.
ACTIVITY OF PLASMIDS CARRYING THE GENE FROM PG2982
Maxicell analysis of pPG146 has shown the production of a protein 
of about 40kDa in addition to the /9-lactamase protein produced by the 
vector(Tigure 21). This plasmid was able to confer a slight increase 
in glyphosate resistance(Figure 22). However, this increase in 
resistance was observed only at very low concentrations of glyphosate. 
The gene was then removed from pPG146 by digestion with BamHI and 
Hindlll and ligated into pACYC184 which had been digested with the











FIG. 18. Growth of K802 in the presence of glyphosate after 
transformation with pACYC184(B) or p?G33(#). Overnight cultures, 
grown in M63 broth, were used to inoculate 20ml cultures of M63 broth 
plus chloramphenicol and growth was monitored. After four 
hours(arrow) glyphosate(final concentration = 2mM) was added.
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FIG. 19. Map of pPG146. The map shows the location of the 
reading frame encoding a 40kDa protein from PG2982. Also shown i 
portion of pPG146 DNA which is also contained in pPG2.4.
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FIG. 20. Effect of glyphosate on the growth of K802 after 
transformation with pACYC184 or pPG642. Overnight cultures, grown in 
M63 broth, were used to inoculate 20ml cultures of M63 broth plus 
chloramphenicol and growth of K802(pACYC184) (BD and K802(pPG642) (#) 
was monitored. After five hours(arrow) glyphosate(fInal concentration 
■ ImM) was added to duplicate cultures [K802(pACYC184)( □ )  and 
K802(pPG642)(O)] and growth was monitored.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
FIG. 21. Autoradiography of SDS-polyacrylamide gel showing plasmid
35encoded proteins labeled with S-L-methionine using a maxicell 
procedure. Lanes: 1, pUC19; 2-4, pPG146. The arrow marks the
position of the 40kDa protein produced by pPG146.
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FIG. 22. Growth of K802 in the presence of glyphosate after 
transformation with pUC19(0) or pPG146(#). Overnight cultures, grown 
in M63 broth, were used to inoculate 20ml cultures of M63 broth 
containing ampicillin and growth was monitored. After four 
hours(arrow) glyphosate(final concentration = 0.25mM) was added.
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same enzymes. When cloned into the lower copy vector, pACYC184, the 
plasmid containing this gene, pPG18, is again able to confer an 
increase in glyphosate resistance(Figure 23) which was observed at a 
2mM concentration of glyphosate. Although pPG146 and pPG18 confer an 
increase in glyphosate resistance, this increase is not as great as 
that conferred by pPG2.4.
Since the entire gene from PG2982 had now been isolated, it was 
necessary to again attempt to complement an E. coli aroA mutation with 
the entire gene. Niether pPG146 nor pPG18 was able to complement the 
aroA mutation. pPG146 was also not able to complement mutations in 
other genes of the pre-chorismate aromatic pathway. The 15. coli 
mutants tested for complementation were AB2847, AB2849, AB2848,
AB3257, AB2834. These strains carry mutations in the genes for 
dehydorquinate synthase(aroB), chorismate synthase(aroC), 
dehydroquinase(aroD), DAHPS(aroF, aroG and aroH), and dehdroshikimate 
reductase(aroE), respectively(60,86).
Also, cells carrying pPG146 or pPG18 were not able to utilize
glyphosate as a phosphorus source. 14C-glyphosate, added to the cells
as sole phosphorus source, was not lost from the culture in the form 
14of CO2  and the label was not found in anything other than glyphosate 
after TLC analysis of the culture supernatant(data not shown).
USE OF THE EXPRESSION VECTOR pKK223-3
Since the glyphosate resistance of cells containing pPG18 or 
pPG146 is not as great as the resistance conferred by pPG2.4 it is 
possible that the PG2982 gene, now under control of a Pseudomonas














FIG. 23. Effect of glyphosate on growth of K802 after transformation 
with pACYC184 and pPG18. Overnight cultures, grown in M63 broth, were 
used to inoculate 20ml cultures of M63 broth plus chloramphenicol and 
growth was monitored[pACYC184(O) and pPG18(#)]. After four 
hours(arrow) glyphosate was added to a final concentration of 
lmM[pACYC 1 8 4 ®  and pPG18(Q>] or 2mM[pACYC184(A) and pPG18(£)].
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promoter, is not being expressed well in JJ. coli. Many Pseudomonas 
genes are known to be expressed poorly in E. coli(21). In order to 
obtain better expression of the gene from PG2982; it was cloned, in 
the proper orientation, into the PstI site of the expression vector
pKK223-3, a derivative of pBR322(7) containing the Ptac promoter and
ribosome binding site and the transcriptional terminators and T 2  of 
the rrnB gene. The resulting plasmid was designated pPG12(see Figure 
24). During growth studies, the Ptac promoter was induced by the 
addition of IPTG to a concentration of 0.5mM five minutes before the 
addition of glyphosate to the cultures. Figure 25 shows the results 
of this growth study. Even after induction with IPTG, these cells do 
not show any increase in glyphosate resistance. The lacl^ strain 
NM522 was used as a host for the plasmids in these experiments in 
order to minimize expression from the strong Ptac promoter in the 
absence of IPTG. However, similar results were obtained when strain 
K802 was used as the host(data not shown).
To determine whether pPG12 is able to express the protein encoded 
by the PG2982 gene, NM522(pKK223-3) and NM522(pPG12) were grown in 
minimal media to O.D.^qq = 1.0. One ml samples were removed from each
culture and IPTG was added to each to a final concentration of ImM.
Additional samples were taken from the cultures at 2 and 4 hours after 
addition of IPTG. The samples were centrifuged and the cells were 
resuspended in 2X loading buffer for SDS-PAGE. All samples were 
boiled for 5 minutes and portions were run on an SDS-15% 
polyacrylamide gel. This gel is shown in Figure 26. Overexpression 
of the 40kDa protein cannot be seen on this gel. Therefore, this
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FIG. 24. Map of pPG12. The unlabeled arrow Indicates the possible 
transcript from the Ptac pronoter which would encode the 40kDa protein 
from PG2982.










FIG. 25. Effect of IPTG on the growth of K802 in the presence of 
glyphosate after tranfonnation with pKK223-3 or pPG12. Overnight 
cultures, grown in M63 broth, were used to inoculate 20ml cultures of 
M63 broth plus ampicillin and growth was monitored. After four 
hours(arrow) glyphosate(final concentration = ImM) was added[pKK223-3 
(•) and pPG12(0)l* Duplicate cultures received IPTG(final 
concentration » 0.5mM) five minutes before the addition of
glyphosate[pKK223-3(® and pPG12(0>].
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plasmid probably does not overexpress the protein encoded by this 
gene.
NUCLEOTIDE SEQUENCE OF THE GENE
The nucleotide sequence of the gene from PG2982 was determined 
using dideoxynucleotide sequencing methods. The sequence is shown in 
Figure 27. It contains an open reading frame from nucleotide 217 to 
nucleotide 1271. This reading frame would encode a protein with a 
calculated molecular weight of 39,396. This is in good agreement with 
the molecular weight of the protein estimated by its mobility in 
SDS-PAGE(40,000).
A search of the DNA upstream of the translational initiation site 
using the TARGSEARCH computer program has not revealed any sequence 
with significant similarity to the 15. coli consensus promoter 
sequence. However, a region which resembles the promoter sequences of 
Pseudomonas(21) has been found. This region is underlined in Figure 
27. Near this region, a sequence containing 7 base pairs in common 
with the 15. coli consensus sequence has been found. This sequence is 
overlined in Figure 27.
The program TERMINATOR was used to identify a possible 
transcriptional terminator downstream of the coding region. The 
region of dyad symmetry associated with the terminator is underlined 
in the sequence in Figure 27.
The nucleotide sequence was compared to all other sequences in 
the bacterial section of Genbank using the WORDSEARCH program. This 
program is designed to show which sequences are most like a specified
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FIG. 26. SDS-polyacrylamide gel showing proteins produced by NM522 
after transformation with pKK223-3 or pPG12 and induction of the Ptac 
promoter with IPTG. Molecular weight markers are shown in lane 1. 
Lanes 2,3 and 4 contain samples of NM522(pPG12) taken at 0,2, and 4 
hours, respectively, after induction with IPTG. Lanes 5,6, and 7 
contain samples of NM522(pKK223-3) taken at 0,2 and 4 hours, 
respectively, after induction with IPTG. The arrow marks the position 
on the gel where a protein with a molecular weight of 40,000 would be 
located.
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sequence. Nucleotide wordsearches have not shown any clear similarity 
to any known genes in the database. Translation of the putative open 
reading frame and subsequent protein wordsearches using the NBRF 
protein database have also shown no significant similarity to amino 
acid sequences of known proteins.
Using the program BESTFIT, the nucleotide sequence of the gene 
was compared to the nucleotide sequence of the E. coli and Ŝ. 
typhimurium aroA genes. In each case the degree of similarity was 
less than 40%. This was also the case when the sequence was compared 
to sequences of the aroB, aroF, aroG, aroH and aroE genes from IS. 
coli. When the same program was used to compare the amino acid 
sequences of these proteins with the amino acid sequence translated 
from the open reading frame the degree of similarity was always less 
than 35%.
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FIG. 27. Nucleotide sequence of the PG2982 gene encoding a protein 
with a molecular weight of 39,396. The possible Pseudomonas promoter 
found upstream of the coding region is underlined and the region 
bearing some similarity to the IS. coli consensus promoter is 
overlined. Also underlined are the regions of dyad symmetry 
associated with the two possible terminator regions found downstream 
of the coding region.
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7 9 0 81 0 8 3 0
CAGGGAGCCGCCCTGATTCGCCCGCGCCCCTTCGGGGATTCCGTTCAAATAGCGGGAGGT 
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DISCUSSION
Although the first attempts to clone DNA from PG2982 met with 
little success due to Mcr restriction by the 15. coli hosts, later 
attempts using the Mcr host K802 were successful. Therefore,
selection on glyphosate plates containing aromatic amino acids should 
have allowed the isolation of cells containing recombinant plasmids(or 
phage in the case of the lytic complementation procedure) bearing the 
PG2982 gene for C-P lyase. Based on an insert size of only lOkb and a 
PG2982 genome size of 5 X lO^bp (Pseudomonas genome size has been 
reported to be about 4 X lO^bp, 39), one screening of the
library(2000-3000 plaques) should have been sufficient to isolate at 
least one phage containing the gene. This did not occur after three 
screenings of the library and numerous attempts at plasmid cloning.
The most likely explanation for the inability to clone this gene 
is that it simply is not expressed well enough in J5. coli to allow the 
cells to utilize glyphosate as a phosphorus source. Pseudomonas genes 
are known to be expressed poorly in E. coli cells(21). Consistent 
with this data, maxicell analysis has revealed that the gene that has
been cloned from PG2982 in this study is not expressed well. If this
is the case, then phage bearing the C-P lyase gene may have been 
isolated using a lytic complementation procedure if the library had 
been constructed in an expression vector such as gtll(90) where genes 
present on the insert DNA can be expressed from the lac promoter on 
the phage vector.
It is also possible that 15. coli cells are not capable of taking 
up enough glyphosate to utilize it as a phosphorus source. When
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assayed in the presence of Pi, K802(pACYC184) and K802(pPG2.4) cells 
take up very little glyphosate(Fig. 7). However, they may be able to 
take up more when Pi becomes limiting. It is interesting to note that 
Wackett et al.(84) have observed that some type of mutation is 
necessary before IS. coli K12 cells can utilize methylphosphonic acid 
as a phosphorus source. They suggest that the mutation is related to 
the transport of raethylphosphonate. If a similar mutation is a
prerequisite for utilization of glyphosate, it would make isolation of 
the C-P lyase gene much more difficult. Even if the gene were
expressed, the host would then have to undergo the correct mutation to 
allow uptake of glyphosate. This type of mutation may not be 
tolerated by the cells even in the presence of aromatic amino acids 
since glyphosate can inhibit some enzymes by its ability to chelate 
Co^+ ions.
Another possibility is that more than one gene product from 
PG2982 is necessary for the utilization of glyphosate. If the genes 
were not closely linked they would be unlikely to be cloned in the 
same vector. This possibility, however, seems unlikely since PG2982 
has the ability to directly cleave the C-P bond of glyphosate to yield 
sarcosine and Pi(73). In this scenario, C-P bond cleavage would
require more than one gene product.
The aroA gene from PG2982 also could not be easily isolated. 
Although plasmids could not be used to directly screen for 
complementation of the aroA mutation of LC3 due to its Mcr+ phenotype, 
selection for increased resistance to glyphosate in the Mcr- strain
K802 should have resulted in isolation of plasmids containing the aroA
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gene. Also, lytic complementation of LC3 should have resulted in 
isolation of the gene. The most likely explanation for these results 
is that the PG2982 aroA gene is simply not expressed well in E. coli. 
Also, the aroA gene of PG2982 is probably quite different from the E. 
coli gene; it will not hybridize to the IJ. coli gene even under 
non-stringent conditions. Therefore, significant differences between 
the two proteins may exist at the amino acid level. Even if it were 
expressed well in £. coli, EPSPS from PG2982 may not be capable of 
functioning properly in the heterologous host.
The isolation of pPG2.4 has demonstrated that, when expressed in 
E. coli, a gene from PG2982 can increase the glyphosate resistance of 
these cells. The protein responsible for this increase is expressed 
in E^ coll because it is fused to the transcriptional and 
translational control sequences of the cat gene of pACYC184. 
Definitive evidence for the fusion came only after the demonstration 
that, when the EcoRI insert of pPG2.4 is cloned in the opposite 
orientation(pPG2.4-IV) the plasmid fails to produce the 33kDa protein 
produced by pPG2.4 and will no longer increase the glyphosate 
resistance of the host(Figures 10 and 11). However, the inactivity of 
the pUC19 and pKT230 derivatives containing the EcoRI insert from 
pPG2.4 as well as the inactivity of pPG1.5 had indicated the presence 
of a fusion.
The 33kDa hybrid protein is probably not very stable. Although 
expression of both proteins is under the control of the cat gene 
regulatory sequences, maxicell analysis demonstrates that the 22kDa
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band produced by the cat gene product is much more intense than the 
33kDa band produced by the hybrid protein(Figure 11).
Use of the kanamycin resistance cloning cartridge allowed the 
localization of the coding region within pPG2.4. In addition, this 
data indirectly indicated the orientation of the coding region of the 
cat gene of pACYC184. When the complete nucleotide sequence of 
pACYC184 was published in January of 1988(65), this orientation was 
confirmed providing further support for this data.
Since pPGP83 was able to produce the 33kDa protein, the coding
region does not extend past the PstI site of pPG2.4. This site is
940bp from the end of the insert. This amount of DNA is sufficient to 
encode a 33kDa protein. Therefore a transcriptional fusion could be 
responsible for the 33kDa protein. However, since increased
glyphosate resistance was not observed when the pUC19 clones were 
induced with IPTG, the fusion was thought to be translational. The
DNA sequence of the complete gene has shown the EcoRI site to be 
within the coding region of the gene.
It is interesting to note that the pUC19 derivatives containing 
the EcoRI fragment from pPG2.4 display a slight decrease in resistance 
to glyphosate. When exposed to glyphosate, they do not seem to grow 
as well as cells containing the parent plasmid (Figure 9). This may 
be a consequence of the energy drain known to affect cells exposed to 
glyphosate(29). Due to the unregulated activity of the aromatic amino 
acid pathway, cellular energy in the form of ATP, PEP, and 
erythrose-4-phosphate is channeled into the production of 
shikimate-3-phosphate. Since they are larger, the energy required to
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maintain plasmids with inserts may exceed the amount necessary to 
maintain a plasmid without an insert. At a time when energy is in 
short supply, cells carrying plasmids with inserts which are of no 
benefit to the cell may not grow as well as cells containing the 
parent plasmid.
When APG2 was isolated and a 9.0Kb BamHl fragment was subcloned 
containing the EcoRI fragment of pPG2.4, this plasmid, pPG33, failed 
to show any increase in glyphosate resistance(Figure 18). However, it 
did not display a decrease in resistance even though it contains a 
very large Insert. Therefore, any beneficial effect conferred by this 
plasmid may be masked by the effect of the energy drain on cells
containing large plasmids. It was necessary to construct a smaller
plasmid in order to accurately determine the effect of this gene on
glyphosate resistance. pPG146 was constructed in the vector pUC19. 
This plasmid contains only a 2000bp PstI fragment which includes the 
entire coding region of pPG2.4. The 40kDa protein produced by this 
plasmid is also produced by pPG33(data not shown). However, the
increase in glyphosate resistance conferred by pPG146 was observed 
only at low concentrations of glyphosate. Since all of the previous 
plasmids had been constructed using pACYC184 it was necessary to 
construct a derivative of pACYC184 containing the gene from pPG146. 
The resulting plasmid, pPG18, could confer an Increase in glyphosate 
resistance which could be observed at 2mM glyphosate. However, this 
increase is not as great as that conferred by pPG2.4(Figure 2).
It is clear from the above data that this gene is better able to 
confer an increase in glyphosate resistance when cloned in pACYC184
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rather than pUC19. It was thought that since pUC19 is a high copy 
plasmid(89), more copies of the gene would result in more protein 
production and therefore, more glyphosate resistance. However, there 
may exist an optimal intracellular concentration of this protein 
beyond which the beneficial effect of the protein begins to diminish. 
This effect may also be caused by the energy drain. Cells which must 
maintain a very high copy number of 5kb plasmids(pPG146) may be much 
more effected by a shortage of energy than the same cells maitaining a 
3kb plasmid(pUC19).
Maxicell data indicates that the 40kDa protein is not being 
expressed well in IS. coli. In addition, a computer search of the DNA 
upstream of the start codon for the putative PG2982 gene has not
revealed any sequence similar to the consensus sequences of E. coli
promoters. Therefore, the gene was cloned into the expression vector
pKK223-3 in order to increase the concentration of the 40kDa protein
during growth in the presence of glyphosate. However, when cloned in 
pKK223-3, the PstI fragment from pPG146 does not seem to allow 
overexpression of the 40kDa protein(Figure 26). Also, NM522 and K802 
cells containing pPG12 do not seem to show any increase in glyphosate 
resistance, but rather, show a slight decrease(Figure 25). This 
slight decrease is observed regardless of whether the Ptac promoter is 
induced with IPTG. In this construct, the coding sequence for the 
40kDa protein is about 700bp from the Ptac promoter. Expression of 
the 40kDa protein may be hindered by terminator sequences upstream of 
the 40kDa protein coding sequence. Also, since it is so long, the 
secondary structure of the transcript from the Ptac promoter may
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prevent translation of this reading frame or the transcript may be
unstable. However, the gene should be able to increase the glyphosate
resistance of cells containing the plasmid even when the Ptac promoter
is not induced. This increase may only be observable at lower
concentrations of glyphosate.
This gene probably is not the gene for C-P lyase. Cells
harboring the gene cannot utilize glyphosate as a phosphorus source
and are not capable of the breakdown of *^C-glyphosate(Figures 5 and
6). Also, the uptake of glyphosate by cells containing pPG2.4 does
not seem to be affected(Figure 7). Therefore, the gene probably is
not responsible for exclusion of glyphosate from the cells. The gene
2+also does not seem to relieve glyphosate inhibition due to Co
2+chelation. If this were the case, then addition of Co would be
expected to increase the glyphosate resistance of cells containing
pACYC184. Figure 8 demonstrates that this does not occur.
It is possible that the cloned gene does encode the PG2982 EPSPS. 
This gene may not be expressed well enough in IS. coli to complement 
the aroA mutation of LC3. The small amount of expression, however, 
may be enough to cause the observed increase in glyphosate resistance. 
In light of the computer analysis, this possibility seems unlikely. 
All known bacterial EPSPS proteins exhibit a high degree of similarity 
at the amino acid level(50). Also; EPSPS isolated from bacteria, 
plants, and fungi all contain conserved sequences(45). However, a 
comparison of the IS. coli and S_. typhimurium EPSPS amino acid 
sequences with the amino acid sequence of the cloned gene using the 
program BESTFIT failed to reveal even small regions of significant
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similarity within these sequences. Although the aroA gene of PG2982 
is expected to differ from these sequences at the nucleotide level 
based on the inability to hybridize to the 15. coli aroA gene, some 
conserved regions would be expected to occur in the amino acid 
sequence.
Although an 15. coli promoter was not found upstream of the start 
codon of the PG2982 gene, a sequence similar to the promoter sequences 
of Pseudomonas genes has been found. Some Pseudomonas promoters show 
a high degree of similarity to the 15. coli consensus sequence 
(TTGACA-17+lbp-TATAAT) and all of these promoters share some 
similarity with this sequence(21). However, many Pseudomonas 
promoters show much more similarity to the -12 and -24 conserved 
regions recognized by a minor form of E. coll RNA poymerase containing 
the <T^(ntrA, rpoN) subunit(21). These are similar to nif consensus 
sequences(CTGGCAC-5bp-TTGCA) from Klebsiella pneumoniae(10). The 
sequence GG-lObp-GC Beems to be critical for the activity of these 
promoters(10). The Pseudomonas promoters frequently contain the 
sequence TGGC-8bp-TGCT(21). The PG2982 sequence upstream of the start 
codon contains the sequence GGGC-8bp-CGCT. Also in this region is the 
sequence TGGACG-18bp-AACGAT which has 7bp in common with the E. coli 
< P ^  promoter consensus sequence. Although this sequence bears a 
striking resemblance to known Pseudomonas promoter sequences, a 
possible ribosome binding site has not been found near the start codon 
of the gene. This may contribute to the relatively poor expression of 
this gene in E. coli. It should also be noted that, in the sequence, 
a termination codon for one of the other reading frames overlaps the
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start codon of the 40kDa protein. This open reading frame extends 
through the 5' end of the sequenced region. It is possible that, in 
PG2982, expression of the 40kDa protein is translationally coupled to 
the expression of the upstream gene.
A computer search of the entire sequence has also revealed the 
presence of a possible transcriptional terminator downstream of the 
coding region of the gene. This sequence contains structures typical 
of prokaryotic terminators, a region of dyad symmetry followed by a 
poly-T region. The program, however, was developed by an analysis of 
prokaryotic factor independent terminators in IS. coli(9) and may not 
be capable of locating true Pseudomonas terminators.
Finally, it is surprising that the plasmid containing an 8.0kb 
insert from APG6(pPG642) had the ability to confer an increase in 
glyphosate resistance when compared to pACYC184(Figure 20). This 
suggests that there is at least one other gene in PG2982 which has the 
ability to confer an increase in glyphosate resistance in E. coli. If 
the gene could be more accurately located on this 8.0kb fragment and a 
smaller plasmid constructed expressing the gene, then this plasmid may 
confer an even greater level of glyphosate resistance. Also, there 
may be other genes able to confer this phenotype since other phage 
capable of hybridization to pPG2.4 were isolated. This data suggests 
that, in addition to the genes for EPSPS and C-P lyase, there may be a 
group of related genes whose products all contribute to the very high 
glyphosate resistance of PG2982.
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